A Programming Model for Farm Irrigation Systems (HES 23) by Windsor, James S. & Chow, Ven Te
la HYDR ES NO. 23 
A PROGWAMM NG MOBEL FOR 
by 
JAMES S. WINDSOW and VEN TE CHOW 
Supported by 

OFFiCE OF WATER RESOURCES RESEARCH 

U,S,DEPARTMENT OF THE 6PaTEWlQR 

and 

UNlVERSiN OF ILLINOISWATER RESOURCES CENTER 

DEPARTMENT OF CIVIL ENGINEERING 

UNIVERSITY OF ILLINOIS AT URBANA-CHMPAlGN 

URBANA, ILLINOIS 

BECEMBER, 1990 
A P R O G W I N G  MODEL FOR FAW IRRIGATION SYSTmS  
by 

JAMES S .  WIMDSOR a n d  VEN TE CHOW 
P r c j e c t  NG .  B-030-ILL 
T h e  w o r k  u p o n  w h i c h  t h i s  p u b l i c a t i o n  i s  b a s e d  w a s  s u p p o r t e d  by f u n d s  
p r o v i d e d  by the  U .S .  D e p a r t m e n t  o f  t he  I n t e r i o r  as a u t h o r i z e d  u n d e r  
the  Water R e s o u r c e s  R e s e a r c h  A c t  o f  1 9 6 4 ,  P .L .  88-379 
Agreement No. 14-01-0001-1899 
a n d  by the 
U n i v e r s i t y  of I l l i n o i s  Water R e s o u r c e s  Center 
DEPARTMENT OF C IV IL  ENGINEERING 
UNZVERS ZTY OF ILL INOIS  AT ZPJ3-4NA-CHA~AIr,N 
URBAMA, ILL INOIS  61801 
DECEMBER, 1 970 
FOREWORD 
This report describes the development of a p rog rm ing  mode2 for 
farm i r r iga t ion  systems. In  the  model, a multi-crop, mul t i - so i l ,  farm 
i r r iga t ion  system i s  broken down i n t o  a nwnber of  d i scre te  un i t s ,  and then 
unalyzed by means o f  a two-level optimization approach. A t  the  f i r s t .  
ZzveZ o f  optimization dynamic p rog rm ing  i s  used t o  determine, on a per 
acre bas i s ,  the optimal i r r iga t ion  policy, the mmimwn expected pro f i t ,  
and the  expected monthly i r r iga t ion  labor and water requirements for each 
crop-soil combination and each leve Z of i r r iga t ion  deve lopment. A t  the 
next Zevel o f  optimization l inear programming i s  used t o  determine the 
i r r iga t ion  system, the  leve l  of i r r iga t ion  development, and the  crop mix, 
which maximize the expected farm pro f i t  without v io la t ing  any of the  farm 
resource Zimitations, The model assumes tha t  water supply i s  the  important 
variable which controls plant growth, and uses a production function which 
' s  based on the  concept of s t r e s s  days. 
To show hdw the procedure may be s e t  up on a computer, a hypothet- 
i ca l  tuo-crop, two-soil,  farm i r r iga t ion  system i s  analyzed considering 
several resource combinations, 
This study was performed as part of a research project on 
"Advanced Methodologies for Water Resources PZanningfr sponsored by the 
U.S. Department of the  In ter ior  as authorized under the  Water Resources Act 
of 1964, P. L. 88-379 Agreement No. 24-01-0002-1899. Part o f  the  work on 
t h i s  study by the  f i r s t  author was aZso supported by the  I l l i n o i s  State 
Water Survey. The authors wish t o  thank those, particularly Drs. D. D. 
J4eredith and E, R,  Swanson, who have contributed vaZuabZe comments on t h i s  
study . 
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1. INTRODUCTION 
O f  v i t a l  importance i n  t h e  Western s t a t e s ,  i r r i g a t i o n  has  a l s o  
been p r a c t i c e d  f o r  many y e a r s  i n  t h e  humid a r e a s  of America. I n  I l l i n o i s ,  
f o r  example, farm ope r a t o r s  now have s u f f i c i e n t  equipment t o  i r r i g a t e  
more t han  30,000 a c r e s  annua l ly  and t h i s  a r e a  has  been i n c r e a s i ng  a t  a 
r a t e  of approximately 1 ,000 a c r e s  p e r  annum. 
Although t h e  average s e a sona l  p r e c i p i t a t i o n  i n  t h e  humid a r ea s  
may b e  s u f f i c i e n t  f o r  most c rops ,  bo th  t h e  t o t a l  q u a n t i t y  and t h e  s ea sona l  
d i s t r i b u t i o n  vary  i n  an i r r e g u l a r  and unp r ed i c t a b l e  manner. A s  a r e s u l t  
drought  p e r i od s  may occur  a t  any t ime dur ing  t h e  growing s ea son ,  and t h e s e  
may r educe  crop y i e l d s  s u b s t a n t i a l l y ,  p a r t i c u l a r l y  i f  they  occur  dur ing 
t h e  c r i t i c a l  s t a g e s  of p l a n t  development. 
The e f f e c t  of s h o r t  p e r i od  droughts  on c rops  a l s o  depends i n  
p a r t  on t h e  n a t u r e  of t h e  s o i l ,  i t s  wa t e r  ho ld ing  c apa c i t y ,  d r a inage ,  
s l o p e ,  and numerous o t h e r  f a c t o r s  which a f f e c t  t h e  degree  t o  which ra in-  
f a l l  may a c t u a l l y  be h e l d  i n  t h e  s o i l  spaces  and used by p l a n t s .  A 
sandy,  o r  g r a v e l l y ,  s o i l  from which wa te r  d r a i n s  away r a p i d l y ,  and which 
i s  unab l e  t o  r e t a i n  wa te r  i s  a  d ry  s o i l  r e g a r d l e s s  of t h e  amount of r a in -  
f a l l  which may reach  i t .  On t h e  o t h e r  hand, a heavy s o i l  w i t h  sma l l e r  
p a r t i c l e s  and s lower  d r a inage  may p rov ide  s u f f i c i e n t  mo i s tu r e  f o r  p l a n t  
growth even i n  reg ions  of l im i t e d  r a i n f a l l .  D i f f e r ences  such a s  t he se  
a f f e c t  t h e  need f o r  i r r i g a t i o n  wa te r  i n  an a r e a ,  and must be recognized 
i n  t h e  de s ign  and a n a l y s i s  of farm i r r i g a t i o n  systems.  
The main o b j e c t i v e  of this s tudy  i s  t o  de s ign  a  mathematical  
model which i s  capable  of s e l e c t i n g  t h e  op t imal  i r r i g a t i o n  system and 
l e v e l  of i r r i g a t i o n  development f o r  a mult i -crop,  mu l t i - s o i l ,  farm e n t e r p r i s e .  
This  problem i s  extremely complex s i n c e  i t  involves  a l a rge  number of 
v a r i a b l e s  and p h y s i c a l  c o n s t r a i n t s .  It i s  a l s o  complicated by the  f a c t  
t h a t  t h e  r e t u r n  from t h e  system i s  a f unc t i on  no t  on ly  of t h e  d e s i gn  
v a r i a b l e s  b u t  a l s o  of t h e  system ope r a t i on .  A two-level  op t im i z a t i on  
t e chn ique  h a s  t h e r e f o r e  been adopted t o  decompose t h e  system i n t o  sma l l e r  
components o r  subsystems, which may b e  opt imized independent ly  b e f o r e  an 
a t t emp t  i s  made t o  op t imize  t h e  complete system. Dynamic programming i s  
used f o r  t h e  f i r s t  l e v e l  of op t im i z a t i on  t o  determine t h e  op t ima l  i r r i g a t i o n  
po l i c y  throughout  t h e  growing season .  A t  t h e  nex t  l e v e l  of op t imiza t i on  
l i n e a r  p r o g r am i n g  i s  used t o  s e l e c t  t h e  combination of  cropping a c t i v i t i e s  
which maximizes t h e  expec ted  farm r e t u r n s  wi thout  v i o l a t i n g  any of t h e  
r e s ou r c e  c o n s t r a i n t s .  
To demonstrate  how t h e  model can b e  s e t  up on a c o y u t e r  t o  
hand l e  an  i r r i g a t i o n  de s ign  problem a hypo t h e t i c a l  cash crop farm i s  
ana lyzed .  The farm c o n s i s t s  of two s o i l  types ,  on each of which i t  is  
p o s s i b l e  t o  grow two c rops ,  corn  and soybeans.  Two s p r i n k l e r  sys tems  and 
f o u r  l e v e l s  of i r r i g a t i o n  development a r e  considered,  
2 .  THE PLANT AND IRRIGATION SYSTEMS 
The f i r s t  s t e p  i n  t h e  a n a l y s i s  of a phy s i c a l  system i s  t o  
i d e n t i f y  t h e  impor tan t  f e a t u r e s  of t h e  system and,  i f  p o s s i b l e ,  t o  develop 
mathematical  exp re s s ions  o r  t e chn iques  which may b e  used i n  t h e  formula- 
t i o n  of a model t h a t  s imu la t e s  t h e  system. This s e c t i o n  b r i e f l y  reviews one 
of t h e  c u r r e n t  approaches r e l a t i n g  t o  p l an t - so i l -wa te r  r e l a t i o n s h i p s ,  and 
d i s cu s s e s  some of t h e  more g e n e r a l  problems which have t o  b e  cons idered  
i n  t h e  de s ign  and a n a l y s i s  of i r r i g a t i o n  systems. 
2-1. Plant-Soil-Water Re l a t i on sh i p  
There i s  i n  e x i s t e n c e  a cons ide rab l e  amount of l i t e r a t u r e  
r e l a t i n g  crop y i e l d s  t o  s o i l  wa t e r  a v a i l a b i l i t y .  Although some good 
r e s u l t s  have been r epo r t ed  i t  now seems reasonably  c l e a r  t h a t  t h e  measure- 
ment of  s o i l  mo i s tu r e  cannot i n  i t s e l f  supply adequa te  i n fo rma t ion  f o r  
t h e  e v a l u a t i on  of t h e  e f f e c t s  of wa t e r  supply on p l a n t  p roces se s  and crop 
y i e l d s .  For more meaningful  crop y i e l d  r e l a t i o n s h i p s  i t  i s  a l s o  necessary  
t o  c on s i d e r  t h e  evapo ra t i ve  demand of t h e  atmosphere,  t h e  t ype  of p l a n t ,  
and i t s  s t a g e  of growth. 
Denmead and Shaw [I9621 showed t h a t  t h e  l o s s  of s o i l  mois ture  
i s  a j o i n t  f un c t i on  of t h e  a tmospher ic  energy which causes  evapo ra t i on  
from t h e  s o i l  and p l a n t  s u r f a c e s ,  and of t h e  s o i l  mo i s tu r e  i n  t h e  p l a n t  
r o o t  zone which i s  a v a i l a b l e  t o  supply  t h e  a tmospheric  demand: They 
observed t h a t  corn p l a n t s  growing on s o i l  w i t h .mo i s t u r e  con t en t s  exceeding 
a c e r t a i n  l e v e l  main ta in  f u l l  t u r g o r  and t r a n s p i r e  wa te r  a t  t h e . p o t e n t i a 1  
r a t e .  The amount of s o i l  mo i s tu r e  a t  which t h e  p l a n t s  l o s t  t h e i r  t u r g i d i t y ;  
i.e .  , t h e  t u r go r  l o s s  p o i n t  (8  ) was expressed a s  a f unc t i on  of  t h eTL 

t r a n s p i r a t i o n  a t  f i e l d  c apa c i t y .  A r e p r e s e n t a t i v e  set of t u r go r  l o s s  
f unc t i on s  f o r  c o r n  and soybeans,  which h a s  been assumed f o r  t h i s  s t udy  i s  
shown i n  F i g .  2-1. Days when t h e  s o i l  mo i s tu r e  con t en t s  were l e s s  than  
t h e  t u r g o r  l o s s  f unc t i on  were i d e n t i f i e d  a s  mois ture  stress days.  It 
wa s  observed  t h a t  t h e r e  was l i t t l e  o r  no growth on mo i s tu r e  s t r e s s  days . 
and t h a t  t h e  l o s s  i n  d ry  weigh t  was d i r e c t l y  p r opo r t i on a l  t o  t h e  number of 
s t r e s s  days .  It was, t h e r e f  o r e ,  p o s t u l a t e d  t h a t  t h e  t u r g o r ,  l o s s  f unc t i on  
I 
r e p r e s e n t s  t h e  lower l i m i t  of a v a i l a b l e  s o i l  mois ture  i n  o rde r  t o  ma in t a in  
dry  ma t t e r  r p roduc t ion .  
According t o  t h i s  approach t h e  crop b i o l o g i c a l  y i e l d  Yb over  
a K-day growing season  may b e  expressed  by t h e  fo l lowing  equa t i on :  
where Awk i s  t h e  i nc r emen ta l  i n c r e a s e  i n  d ry  ma t t e r  accumulat ion and i s  
weighted by r e f l e c t  t h e  growth p o t e n t i a l  of t h e  k- th  day of t h e  growing 
per iod .  The v a l u e  of Aw i s  equa l  t o  ze ro  i f  t h e  p l a n t  i s  s t r e s s e d  on a k 
p a r t i c u l a r  day. 
Under normal c i rcumstances  t h e  magnitude of t h e  economic y i e l d  
1 
Y i s  n e a r l y  p r opo r t i on a l  t o  t h e  b i o l o g i c a l  y i e l d ,  a s  shorn  by t h e  fo l lowing  
e 
equation :: 
where Ke i s  a convers ion f a c t o r  r e l a t i n g  t h e  b i o l o g i c a l  y i e l d  t o  t h e  
economic y i e l d .  
No Stress 
Region 
Crop. Potential Ew~mnspiral ion,inches /Bay 
F igu re  2-1.  Es t imated  t u r g o r  loss curves  for corn and soybeans 
as a f u n c t i o n  o f  c rop  po t e n t i  al e v a p o t r a n s p i r a t i o n  
I n  t h e  ca se  of g r a i n  c rops  t h e  v e g e t a t i v e  p a r t s  of t h e  p l a n t s  
a r e  produced dur ing  t h e  e a r l y  p a r t  of t h e  season  whereas t h e  g r a i n  i s  
developed du r ing  t h e  l a t e r  s t a g e s  of growth. I n  consequence, p l a n t  s t r e s s  
may have  a d i f f e r e n t  e f f e c t  on t h e  p roduc t ion  of g r a i n  compared t o  t h a t  
on t o t a l  dry ma t t e r  p roduc t ion  depending on t he  occur rence  of t h e  s t r e s s  
dur ing  t h e  growing season .  This  compl ica tes  t h e  problem of fo rmula t ing  
a s imp le  r e l a t i o n s h i p ,  and some ad jus tment  may be  r e qu i r ed  t o  E q s .  (2-1) 
and (2-2) when more i n fo rma t ion  becomes a v a i l a b l e .  
Denmead and Shaw a l s o  gave a t t e n t i o n  t o  t h e  problem of pre-
d i c t i n g  t h e  r a t e s  of wate r  u s e  by corn under cond i t i ons  where t h e  s o i l  
mo i s tu r e  supp ly  was l im i t i n g .  They observed t h a t  a s  t h e  s o i l  d r i e d  and 
s o i l  w a t e r  t e n s i o n  i n c r e a s ed ,  t h e r e  was i n i t i a l l y  no e f f e c t  on t r a n s p i r a t i o n ,  
bu t  a f t e r  t h e  t e n s i on  i n c r e a s ed  t o  a c e r t a i n  l e v e l  s t oma t a l  c l o s u r e  
commenced and a p rog re s s ive  d e c l i n e  i n  t r a n s p i r a t i o n  occur red*  This  s t a g e  
was reached  a t  h ighe r  va lues  of s o i l  mo i s tu r e  con t en t  a s  t h e  p o t e n t i a l  
r a t e  o f  t r a n s p i r a t i o n  i n c r e a s ed ,  thus  i n d i c a t i n g  t h a t  t h e  a c t u a l  evapo t r ansp i r a -  
t i o n  depends n o t  on ly  on s o i l  mo i s tu r e  a v a i l a b i l i t y  h u t  a l s o  on t h e  
a tmospher ic  demand. 
For  t h e  purpose of  t h i s  s t udy  i t  i s  proposed t o  e s t ima t e  t h e  
a c t u a l  e v apo t r an sp i r a t i on  l o s s  of c rops  (E ) by a two-step procedure .
a 
The first s t e p  i s  t o  e s t ima t e  t h e  crop p o t e n t i a l  e v apo t r an sp i r a t i on  (En)  
.Y 
us ing  Weather Bureau Class  A pan evapo ra t i on  measurements (E) and a 
d imens ion less  crop c o e f f i c i e n t  (K ) ,  which accounts  f o r  t h e  t ype  of crop
C 
and t h e  s t a g e  of  crop development. The equa t ion  may b e  r ep re sen t ed  a s  
fo l lows  : 
where t h e  pan evapora t ion  E i s  expressed  i n  i nches  p e r  day. A t y p i c a l  s e t  
of curves  r e l a t i n g  crop p o t e n t i a l  e v apo t r an sp i r a t i on  t o  pan evapo ra t i on  
du r ing  t h e  growing season  i s  shown i n  Fig. 2-2. 
The second s t e p  of t h e  a n a l y s i s  i nvo lves  t h e  convers ion  from 
crop p o t e n t i a l  e v apo t r an sp i r a t i on  t o  a c t u a l  e v apo t r an sp i r a t i on  when t h e  
crop i s  under  s t r e s s .  I n  t h i s  con t ex t  " s t r e s s "  denotes  t h e  p l a n t  cond i t i on  
which occu r s  when t h e  r a t e  of wa t e r  supply t o  t h e  p l a n t  i s  i nadequa t e  t o  
ma in t a in  f u l l  t u r g i d i t y .  Th i s  i s  a s s o c i a t e d  w i t h  a  r e duc t i on  of t h e  s o i l  
mo i s tu r e  c on t en t  i n  t h e  p l a n t  r o o t  zone t o  a po i n t  where t h e  evapo t r ansp i r a -  
t i o n  r a t e  exceeds t he  r a t e  a t  which t h e  p l a n t  r o o t s  absorb wa t e r .  The 
a p p r o p r i a t e  equa t i on  f o r  t h i s  s i t u a t i o n  i s  
where a i s  an  exper imenta l  c o e f f i c i e n t  r e l a t i n g  t h e  r e l a t i v e  evapo t r ansp i r a -  
t i o n  t o  t h e  crop p o t e n t i a l  e v apo t r an sp i r a t i on  and t h e  a v a i l a b l e  s o i l  
mo i s tu r e  con t en t .  
The p a r t i c u l a r  v a l u e  of s o i l  mois ture  con t en t  a t  which t h e  
c o e f f i c i e n t  a f a l l s  below u n i t y  depends on t h e  s o i l  p r o p e r t i e s ,  I n  t h e  
c a s e  cf c=arse sznds :.&ere the s=il  m~istureIs he ld  I n  place by siiiall 
c a p i l l a r y  f o r c e s  t h e  a c t u a l  e v apo t r an sp i r a t i on  i s  p r a c t i c a l l y  t h e  same a s  
t h e  p o t e n t i a l  r a t e  over t h e  f u l l  range  of a v a i l a b l e  mois ture .  On t h e  
o t h e r  hand,  w i t h  f i n e r  s o i l s  s o i l  mo i s tu r e  t e n s i on  i n c r e a s e s  r a p i d l y  with  
i n c r e a s i n g  atmospheric  demand and d imin ish ing  s o i l  mo i s tu r e  c on t en t .  I n  
t h i s  c a s e  t h e  a c t u a l  e v apo t r an sp i r a t i on  r a t e  i s  more l i k e l y  t o  f a l l  below 
t h e  p o t e n t i a l  r a t e .  A t y p i c a l  s e t  of curves  which has  been assumed f o r  
f o r  t h i s  s t u d y  i s  shown i n  F ig .  2-3. 
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Figure 2-3. Re1 a t i  ve evapotranspiration of corn and  soybeans 
as a function of so i l  moisture content and crop potential 
evapotranspiration. Note: s o i l t y p e  1 i s  coarse; so i l  
type 2 i s  f i ne ;  PWP = permanent wilt ing point;  and 
FC = f i e l d  capacity. 
2 -2 .  I r r i g a t i o n  Sys t e m s  
The wa te r  requirements  of crops a r e  b a s i c  i n  t h e  p lanning  and 
des ign  of i r r i g a t i o n  systems.  AS& [I9681 has  recognized  t h i s  through 
i t s  recommended s p e c i f i c a t i o n s  f o r  t h e  des ign  of s p r i n k l e r  systems by 
s t a t i n g  t h a t  "...t h e  system s h a l l  have t h e  capac i t y  t o  meet t h e  peak mo i s tu r e  
demand of each  and a l l  crops i r r i g a t e d  w i t h i n  t h e  a r e a  f o r  which i t  i s  
designed."  However, a des ign  which enables  t h e  peak demand of a  crop t o  
be  m e t  under cond i t i ons  of extreme drought  need n o t  n e c e s s a r i l y  p rov ide  
t h e  most economical des ign .  I f  drought  occurs  on ly  i n f r e q u e n t l y  i t  may 
b e  a d v i s a b l e  t o  de s ign  t h e  system on a  r i s k  b a s i s  r a t h e r  t han  p rov ide  t h e  
maximum wa t e r  requirements .  
I r r i g a t i o n  wa te r  may b e  a pp l i e d  by s u r f a c e  methods o r  by u s e  of 
t h e  many v a r i e t i e s  of s p r i n k l e r  arrangements ,  The a c t u a l  method s e l e c t e d  
depends on a number of f a c t o r s  such a s  t h e  i n t a k e  c apa c i t y  of t h e  s o i l ,  
topography,  t ype  of crops and l a bo r  a v a i l a b i l i t y .  I f  t h e  i n t a k e  rate i s  
too  h i gh ,  o r  i f  l a bo r  i s  i n  s h o r t  supply  i t  may be imposs ib l e  t o  d i s t r i b u t e  
wa te r  e f f i c i e n t l y  by a s u r f a c e  method. A coa r se  sandy s o i l  h o l d s  l i t t l e  
wa t e r  and r e s u l t s  i n  r ap id  p e r co l a t i on  below t h e  crop r o o t  zone. Crops 
growing i n  sandy s o i l s  t h e r e f o r e  r e q u i r e  f r equen t  l i g h t  a p p l i c a t i o n ,  
t hus  l i m i t i n g  t h e  choice  of system t o  some form of s p r i n k l e r  arrangement.  
The s i z e  of t h e  l a bo r  f o r c e  a f f e c t s  t h e  de s ign  of an i r r i g a t i o n  
system and t h e  amount of c a p i t a l  t o  b e  i nves t ed .  I n  g ene r a l ,  t h e  more 
l a bo r  a v a i l a b l e  t h e  sma l l e r  w i l l  be  t h e  c a p i t a l  i n v e s t e d .  Decreasing t h e  
l a bo r  requi rements  and 'improving t h e  e f f e c t i v ene s s  of s p r i n k l e r  systems 
i nvo lve  e i t h e r  t h e  use  of more p ipe  and equipment, o r  mechaniza t ion  of t he  
system. I n  e i t h e r  c a se  t h i s  r e qu i r e s  a s u b s t i t u t i o n  of c a p i t a l  f o r  l a bo r ,  
The s e l e c t i o n  of a farm i r r i g a t i o n  sys tem shou ld ,  t h e r e f o r e ,  i n vo l v e  a  
c a r e f u l  compar ison between t h e  added expense  of more s o p h i s t i c a t e d  sys tems 
on t h e  one  hand and t h e  e s t ima t e d  s a v i ng s  i n  l a b o r  on t h e  o t h e r  hand.  
Th i s  i s  p a r t i c u l a r l y  impo r t an t  i n  humid a r e a s  where t h e  s p r i n k l e r  equipment 
may b e  used  on ly  p a r t  of  t h e  t i m e .  A r e c e n t  r ev iew of t h e  v a r i o u s  t ype s  
of s y s t ems  i n  terms of  i n s t a l l a t i o n  c o s t s  and l a b o r  r equ i r emen t s  p r e s e n t e d  
by McMartin and Bergen [ I9681 p r ov i d e s  a  h e l p f u l  s o u r c e  of d a t a  w i t h  
which t o  compare t h e  v a r i o u s  a r r angemen t s ,  
Many a l t e r n a t i v e s  e x i s t  f o r  s c h edu l i n g  i r r i g a t i o n  w a t e r .  Too 
o f t e n  w a t e r  i s  a p p l i e d  a cco rd ing  t o  some a r b i t r a r i l y  s e t  p rocedu re  which 
d i s r e g a r d s  c l i m a t i c  v a r i a t i o n s .  For  example,  one w ide ly  recommended 
method which h a s  been adop ted  f o r  d e c i d i n g  when t o  i r r i g a t e  i s  based on 
a c e r t a i n  f r a c t i o n  of  t h e  a v a i l a b l e  s o i l  mo i s t u r e ,  Th i s  f r a c t i o n  i s  
g e n e r a l l y  d i f f e r e n t  f o r  d i f f e r e n t  c r o p - s o i l  combina t ions .  Although t h e  
method of  app ly ing  a f a i r l y  l a r g e  q u a n t i t y  of w a t e r  a t  i n t e r v a l s  appears  
t o  b e  t h e  o n l y  p r a c t i c a l  f i e l d  method o f  i r r i g a t i o n ,  s e l e c t i o n  o f  t h e  t im i ng  
and amount of i r r i g a t i o n  i s  a problem which ha s  n o t  y e t  been  answered 
s a t i s f a c t o r i l y  i n  p r a c t i c e .  
Crops shou ld  b e  i r r i g a t e d  wh i l e  t h e  s o i l  mo i s t u r e  c o n t e n t  i s  
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a tmosphe r i c  demand w i t h ou t  p l a c i n g  t h e  p l a n t s  under  stress t h a t  would re -
duce y i e l d  o r  q u a l i t y  of t h e  h a r v e s t e d  c rop .  Thus,  i n  sha l l ow  s o i l s ,  i n  
s o i l s  w i t h  low wa t e r  h o l d i n g  c a p a c i t y ,  o r  f o r  p l a n t s  w i t h  s h a l l ow  r o o t  
sys tems ,  l i g h t  f r e qu en t  i r r i g a t i o n s  a r e  g e n e r a l l y  r e q u i r e d  d u r i n g  peak 
u s e  p e r i o d s .  On t h e  o t h e r  hand ,  deep r o o t e d  c rops  w i t h  l a r g e  s o i l  
r e s e r v o i r s  t o  draw on pe rmi t  l o ng e r  i n t e r v a l s  between i r r i g a t i o n s  w i t h  
l a r g e r  a p p l i c a t i o n  amounts. 
The b a s i c  problem i n  t h e  de s ign  of i r r i g a t i o n  systems i s  complicated 
by t h e  f a c t  t h a t  t h e  r e t u r n  from t h e  system i s  a f u n c t i o n  no t  on ly  of t h e  
des ign  v a r i a b l e s  b u t  a l s o  t h e  system ope r a t i on .  Opera t ing  d e c i s i on s  i n  
any t ime  p e r i od  n o t  on ly  a f f e c t  t h e  r e t u r n  i n  t h i s  p e r i od  bu t  a l s o  i n  t h e  
t ime p e r i od s  t o  come, I n  a d d i t i o n  t h e  i n t r o d u c t i o n  of i r r i g a t i o n  water  
t o  a  farm g i v e s  r i s e  t o  s e v e r a l  a l t e r n a t i v e s  such as i n c r e a s i n g  t h e  l e v e l  
of wa t e r  supply  t o  a c rop ,  s u b s t i t u t i n g  one crop f o r  a no t h e r ,  o r  i n c r e a s i ng  
t h e  a r e a  of c rop  t o  be i r r i g a t e d .  It would appear ,  t h e r e f o r e ,  t h a t  t he  
s e l e c t i o n  of t h e  op t imal  system f o r  a  p a r t i c u l a r  farm s i t u a t i o n  i s  a  very  
complex problem which i s  d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  s o l v e  by con-
v e n t i o n a l  methods. This  l e ad s  t o  cons ide ra t i on  of t h e  mathemat ica l  
p r o g r am i n g  techniques  d i s cus sed  i n  t h e  nex t  chap t e r .  
3. THE MATHEMATICAL MODEL 
Programming Techniques  
Mathemat ica l  programming t e chn ique s  a r e  u s ed  i n  t h e  s o l u t i o n  o f  
problems where  an  o b j e c t i v e  f u n c t i o n  h a s  t o  b e  op t im ized  s u b j e c t  t o  a 
s e t  o f  c o n s t r a i n t s  (Chow and Mered i th  [1970]). I f  t h e  o b j e c t i v e  f u n c t i o n  
and t h e  c o n s t r a i n t s  a r e  l i n e a r  f u n c t i o n s ,  t h e  t e chn ique  u s u a l l y  employed 
, 	 i s  l i n e a r  programming, Non l i nea r  programming, of which t h e r e  are a 
number of  fo rms ,  i s  s e l e c t e d  f o r  problems where t h e  c o n s t r a i n t s  o r  t h e  
o b j e c t i v e  f u n c t i o n  canno t  b e  exp r e s s ed  by l i n e a r  r e l a t i o n s h i p s .  
Dynamic programming i s  u s u a l l y  concerned w i t h  p r o c e s s e s  where 
a sequence  o f  d e c i s i o n s  h a s  t o  b e  made ove r  a  c e r t a i n  t i m e  p e r i o d .  Examples 
of s u ch  d e c i s i o n  p r o c e s s e s  a r e  t h e  de t e rm ina t i on s  o f  t h e  o p t ima l  i n v en t o r y ,  
o r  r ep l a cemen t  p o l i c i e s  under  c o n d i t i o n s  which may i n vo l v e  v a r i a t i o n s  i n  
8; 	 supp ly  and demand. Other  d e c i s i o n  p r o c e s s e s  which a r e  n o t  s t r i c t l y  dynamic 
s"A 
k2 
, 	 may s t i l l  b e  s o l v ed  by dynamic programming t e chn ique s .  Problems of  r e s o u r c e  
a l l o c a t i o n  which i n vo l v e  a series of a c t i v i t i e s  i n  t h e  space  domain may 
, - 	 b e  ana lyzed  b y  t h i s  method i f  t h e  a l l o c a t i o n s  can be made t o  t h e  v a r i o u s  
'' 
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7 $I a c t i v i t i e s  i n  s e q u e n t i a l  o r d e r ,  f o r  example, f i n d i n g  the best r o u t e  through 
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 a network o r  d e t e rm in ing  t h e  o p t ima l  a l l o c a t i o n  of  w a t e r  t o  a number of 
r 
u s e r s .  
Dynamic programming t e chn ique s  may b e  u s ed  i n  t h e  s o l u t i o n  of 
e i t h e r  l i n e a r ,  o r  n o n l i n e a r ,  problems.  However, one  of i t s  most  u s e f u l  
p r o p e r t i e s  i s  t h a t  i t  i s  p e r f e c t l y  s u i t e d  t o  t h e  a n a l y s i s  of mu l t i - s t a g e  
i s  	 d e c i s i o n  p r o c e s s e s .  Th i s  f e a t u r e  s u gg e s t s  t h e  u s e  o f  a dynamic programming 
I y: 
7 
E model f o r  t h e  s t u dy  of  i r r i g a t i o n  sys tems ,  where c h a r a c t e r i s t i c a l l y  t h e  
$ 
f o rmu l a t i o n  o f  t h e  problem i n vo l v e s  s e q u e n t i a l  d e c i s i o n s  i n  t i m e .  
Although dynamic programming has  been used s u c c e s s f u l l y  f o r  t h e  
s t udy  of s i n g l e  sequence a c t i v i t i e s ,  problems a r i s e  i n  t h e  a n a l y s i s  of 
mul t i -d imens iona l  problems due t o  expansion of t h e  domain over which 
op t im i z a t i on  h a s  t o  b e  c a r r i e d  ou t .  This  s i t u a t i o n  a r i s e s  i n  t h e  a n a l y s i s  
of a  mul t i -c rop ,  mu l t i - s o i l ,  farm i r r i g a t i o n  system, 
The dynamic programming model i n  t h i s  c a se  becomes t oo  cumbersome 
t o  b e  t r e a t e d  a s  a s i n g l e  e n t i t y  and hence i t  i s  d e s i r a b l e  t o  s o l v e  sub- 
system problems b e f o r e  a t t a c k i n g  t h e  ove r - a l l  problem. By t h i s  means a 
complex r e s ou r c e  a l l o c a t i o n  problem i s  broken down i n t o  sma l l e r  components, 
o r  subsystems,  each of which i s  opt imized be fo re  an a t tempt  i s  made t o  
op t imize  t h e  e n t i r e  problem. A t  t h i s  l e v e l  i t  i s  assumed t h a t  t h e  opt imal  
p o l i c i e s  may b e  e s t a b l i s h e d  independent ly  f o r  each subsystem. The sub-, 
systems a r e  t hen  combined t o  form t h e  l a r g e r  system. I f  t h i s  a d d i t i o n  i s  
accomplished w i thou t  l o s s  of o p t ima l i t y  t h e r e  i s  no need t o  r e v i s e  t h e  
I 
e a r l i e r  a l l o c a t i o n s .  
3-2. Formula t ion  of t h e  Mathematical  Model 
The approach us ing  a dynamic programming model becomes s o  l a r g e  
a s  t o  b e  imp r a c t i c ab l e  i n  t h e  a n a l y s i s  of  a mul t i -c rop ,  mu l t i - s o i l  farm 
i r r i g a t i o n  system. A decomposition model, o r  mu l t i - l e v e l  op t im i z a t i on  
technique ,  w i l l  t h e r e f o r e  be used i n  t h i s  s tudy  t o  b r e ak  down t h e  mul t i -  
c rop ,  m u l t i - s o i l  system i n t o  a d i s c r e t e  number of subsystems.  The most 
l o g i c a l  decomposi t ion i s  t o  t r e a t  t h e  i n d i v i d u a l  c rop - so i l  combinations as  
one-acre u n i t s  and opt imize t h e i r  s e a sona l  ou tpu ts  s e p a r a t e l y  and independ- 
e n t l y .  
S ince  dynamic p r og r am ing  i s  i d e a l l y  s u i t e d  t o  mu l t i - s t age  
d e c i s i on  p r o c e s s e s ,  and may e a s i l y  b e  s t r u c t u r e d  t o  hand le  t h e  unc e r t a i n  
n a t u r e  of weather  e lements ,  t h i s  t echnique  w i l l  be  s e l e c t e d  f o r  t h e  f i r s t  
l e v e l  o f  op t imiza t i on .  S eve r a l  l e v e l s  of i r r i g a t i o n  development w i l l  b e  
cons idered  f o r  each c rop - so i l  combination and each i r r i g a t i o n  system,  by 
t r e a t i n g  t h e  i r r i g a t i o n  i n t e r v a l  and a p p l i c a t i o n  amounts a s  system parameters .  
A t  t h e  nex t  l e v e l  of op t imiza t i on  a  l i n e a r  programming model i s  
used t o  s e l e c t  t h e  op t imal  crop mix, t h e  l e v e l  of i r r i g a t i o n ,  and t h e  t ype  
of sys tem which maximizes t h e  expec ted  farm p r o f i t ,  s u b j e c t  t o  t h e  
a p p r o p r i a t e  set  of  r e sou rce  c o n s t r a i n t s .  A f low c h a r t  of t h e  model i s  
p r e sen t ed  i n  F ig .  3-1. 
3-3. Dynamic Programming Model 
Dynamic programming techniques  a r e  based on t h e  op t imiza t i on  
p r i n c i p l e  f i r s t  formulated by Bellman [1957] .  Th i s  p r i n c i p l e  s t a t e s  t h a t  
n o t  on l y  t h e  c u r r en t  d e c i s i on  of a  mu l t i - s t age  p roces s  should  b e  opt imized,  
b u t  a l s o  t h e  remaining d e c i s i on s  g iven  t h e  s t a t e  r e s u l t i n g  from t h e  prev ious  
d e c i s i o n .  
Seme basic ccncepts and d e f i n i t i o n s  are necessary  i n  orde r  t o  
unders tand  t h e  b a s i c  dynamic programming procedure ,  and t h e s e  w i l l  be  
d i s cu s s ed  i n  t h e  contex t  of t h e  farm i r r i g a t i o n  system. E s s e n t i a l l y  we  a r e  
d e a l i n g  w i t h  a system whose s t a t e  a t  a g iven  t i m e  may b e  de f ined  by a s e t  
of p h y s i c a l  q u a n t i t i e s  which a r e  known a s  s t a t e  v a r i a b l e s .  I n  t h e  case  
of an  i r r i g a t i o n  system t h e  s t a t e  v a r i a b l e  i s  r e p r e s en t ed  by a  v e c t o r  which 
i n d i c a t e s  t h e  s o i l  mois ture  l e v e l s  i n  t h e  va r ious  crop r o o t  zones a t  a 
s p e c i f i c  t i m e .  A t  c e r t a i n  t imes ,  o r  s t a g e s ,  t h e  system ope r a t o r  i s  r equ i r ed  
t o  make d e c i s i on s  which may a l t e r  the s t a t e  of t h e  system. The d e c i s i on s ,  
i n  t h i s  c a s e ,  a r e  whether o r  no t  t o  i r r i g a t e  s p e c i f i c  c rops .  The dec i s ion  
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Figure 3-1. Flow c h a r t  of the  main computer program 
v a r i a b l e  may t h e r e f o r e  be  r e g a r d e d  as a c o n t r o l  v a r i a b l e  which depends o n  

t h e  p r e v a i l i n g  s t a te  of t h e  sys tem.  

On a day t o  day b a s i s  t h e  sys tem undergoes  a t r a n s i t i o n  from one  
s o i l  m o i s t u r e  s t a t e  t o  a n o t h e r .  I n  t h e  c a s e  of s t o c h a s t i c  p r o c e s s e s  e a c h  
d e c i s i o n  and r e s u l t i n g  t r a n s i t i o n  w i l l  have  a  p r o b a b i l i t y  and n e t  p r o f i t  
a s s o c i a t e d  w i t h  i t .  The o b j e c t i v e  o f  t h e  model i s  t o  e s t a b l i s h  t h e  sequence  
of i r r i g a t i o n  d e c i s i o n s  f o r  each  s ta te  and s t a g e  o f  t h e  sys tem which w i l l  
o p t i m i z e  t h e  expec ted  p r o f i t  s u b j e c t  t o  t h e  g i v e n  c o n s t r a i n t s .  A p o l i c y  i s  
d e f i n e d  as a sequence of d e c i s i o n s ,  and t h e  one which yields t h e  g r e a t e s t  
e x p e c t e d  p r o f i t  i s  known as t h e  o p t i m a l  p o l i c y .  S e v e r a l  a l t e r n a t i v e s  
e x i s t  f o r  t h e  a p p l i c a t i o n  o r  i r r i g a t i o n  w a t e r ,  namely,  t h e  t o t a l  q u a n t i t y  
of a p p l i c a t i o n  p e r  i r r i g a t i o n  and t h e  i n t e r v a l  between i r r i g a t i o n  d e c i s i o n s .  
By v a r y i n g  t h e s e  p a r a m e t r i c a l l y  i t  i s  p o s s i b l e  t o  s t u d y  t h e  change i n  
b o t h  o p t i m a l  r e s o u r c e  a l l o c a t i o n  and t h e  magni tude of  t o t a l  ne t  r e t u r n s .  
The o u t p u t  of a s p e c i f i c  d e s i g n  h a s  t o  b e  c a l c u l a t e d  b e f o r e  i t  c a n  
b e  compared w i t h  a l t e r n a t i v e  d e s i g n s ,  In  d e t e r m i n i s t i c  p r o c e s s e s  t h e  
o b j e c t i v e  i s  c l e a r .  T h i s ,  however,  i s  n o t  t h e  c a s e  when t h e  outpu-t i s  n o t  
c o m p l e t e l y  under  t h e  c o n t r o l  of  t h e  fa rmer  b u t  depends  p a r t l y  on t h e  random 
w e a t h e r  v a r i a b l e s .  I n  such  a problem t h e  e x p e c t e d  r e t u r n  i s  u s u a l l y  con-
s i d e r e d  as a  v a l i d  b a s i s  f o r  comparing i r r i g a t i o n  p o l i c i e s ,  a l t h o u g h  i t  
does  f a i l  t o  a l l o w  f o r  t h e  v a r i a b i l i t y  of t h e  o u t p u t .  
I n  o r d e r  t o  a n a l y z e  t h e  i r r i g a t i o n  problem a s  a s e q u e n t i a l  m u l t i -  
s t a g e  d e c i s i o n  p r o c e s s  t h e  s t a te  v a r i a b l e s  must b e  approximated in d i s c r e t e  
terms. Knowledge of f u t u r e  c l i m a t i c  c o n d i t i o n s  i s  l i m i t e d  b y  p a s t  r e c o r d s ,  
which r e p r e s e n t  on ly  a s m a l l  sample  of  t h e  t o t a l  p o p u l a t i o n .  S i n c e  t h e r e  
i s  n o  c l e a r  i n d i c a t i o n  of  t h e  sequence  of f u t u r e  e v e n t s ,  i t  i s  n e c e s s a r y  
t o  e s t a b l i s h  a set  of m a t r i c e s  which i n d i c a t e  t h e  j o i n t  p r o b a b i l i t y  
d i s t r i b u t i o n  of t h e  a pp rop r i a t e  c l im a t i c  v a r i a b l e s  u s ing  p a s t  d a t a .  T r e a t i ng  
t h e  c l im a t i c  v a r i a b l e s  a s  s t o c h a s t i c  v a r i a b l e s  r a t h e r  t han  pu r e l y  p r o b a b i l i s t i c ,  
reduces  t h e  degree  of un c e r t a i n t y  t o  some e x t e n t .  On t h e  o t h e r  hand, t h e  
u se  of  s t o c h a s t i c  v a r i a b l e s  a l s o  i n c r e a s e s  t he  computat ional  t ime  and t h e  
computer s t o r a g e  requi rements .  I n  t h i s  s t udy  t h e  model i s  s t r u c t u r e d  t o  
cons ide r  p r o b a b i l i s t i c  r a i n f a l l  and evapora t ion .  However, i t  can  b e  modif Led 
r e l a t i v e l y  e a s i l y  t o  handle  s t o c h a s t i c  c l ima t i c  v a r i a b l e s ,  i f  s o  d e s i r e d .  
3-3-1. Transformat ion  Equation 
I r r i g a t i o n  s t u d i e s  must cons ide r  t h e  ope r a t i on  of t h e  s o i l  
mo i s t u r e  r e s e r v o i r .  The r e s e r v o i r  con t en t  d imin ishes  a s  mo i s tu r e  i s  extracted 
by t h e  p l a n t  and by s u r f a c e  evapo ra t i on  t o  s a t i s f y  t h e  a tmospheric  demand, 
and i t  i n c r e a s e s  a s  mois ture  i s  added by p r e c i p i t a t i o n  o r  i r r i g a t i o n  app l i -  
c a t i o n s .  Some r a i n s  may b e  of such h igh  i n t e n s i t y  t h a t  s u r f a c e  runof f  
occurs  b e f o r e  t h e  s o i l  r e s e r v o i r  i s  f i l l e d  t o  capac i t y .  The e f f e c t i v e  r a i n -  
f a l l  i n  such  a c a s e  i s  t h e  amount of r a i n  which i s  a c t u a l l y  r e t a i n e d  by 
t h e  s o i l  f o r  p l a n t  use .  This amount i s  r equ i r ed  i n  t h e  s o i l  mo i s tu r e  
budge t ,  and can on ly  b e  e s t ima ted  w i t h  a s u i t a b l e  degree  of accuracy  by 
con s i d e r i ng  t h e  i n t e n s i t y  and d i s t r i b u t i o n  of r a i n f a l l ,  t h e  s o i l  i n f i l t r a t i o n  
r a t e ,  t h e  wa t e r  ho ld ing  capac i t y  of t h e  s o i l  r e s e r v o i r ,  and t h e  s l o p e  of 
t h e  l a nd  and i t s  cover.  
Although a  po r t i on  of t h e  r a i n f a l l  may be l o s t  by i n t e r c e p t i o n  
i t  h a s  been found t h a t  t h i s  l o s s  i s  accompanied by an  equa l  r e duc t i on  i n  
mo i s tu r e  l o s s  from the  s o i l  r e s e r v o i r  (Burgy and Pomeroy [1958] ) .  Hence, 
i t  ma t t e r s  l i t t l e  whether wa te r  evapo ra t i ng  from a p l a n t  comes from t h e  
s o i l  v i a  the r o o t  system, o r  i s  merely i n t e r c e p t e d  ra in ,  both processes  
c o n s t i t u t e  evapo t r ansp i r a t i on .  
The t r ans fo rma t ion ,  o r  wa t e r  ba l ance ,  equa t i on  f o r  an i r r i g a t i o n  
system may b e  expressed a s  fo l l ows :  
where Sk and Sk-l a r e  t h e  s t a t e s  of t h e  s o i l  r e s e r v o i r  a t  t h e  beg inn ing  of  
t ime p e r i o d s  (k) and ( k - l ) ,  r e s p e c t i v e l y ;  AS i s  t h e  mo i s tu r e  added t o  t h ek 
s o i l  r e s e r v o i r  by ex t ens ion  of t h e  crop r o o t  system dur ing  t i m e  per iod  
( k ) ;  Fk i s  t h e  va lue  of  f i e l d  c apa c i t y  i n  t h e  e f f e c t i v e  r o o t  zone a t  t h e  
beg inn ing  of t ime pe r iod  ( k ) ;  d i s  t h e  d e c i s i on  v a r i a b l e  o r  t h e  n e t  k 

i r r i g a t i o n  i n p u t  added t o  t h e  s o i l  r e s e r v o i r  a t  t h e  beg inn ing  of  t ime 
p e r i od  (k)  ; p i s  a dimensionless  c o e f f i c i e n t  which conver t s  t o t a l  r a i n f a l l  
t o  e f f e c t i v e  r a i n f a l l ,  and i s  assumed equa l  t o  u n i t y  i n  t h i s  s t udy ;  \ i s  
t h e  t o t a l  r a i n f a l l  dur ing  t ime p e r i od  (k ) ;  and E i s  t h e  a c t u a l  evapo t r ansp i s a -  
ak 

C.' ion  during time (k ) ,  and is estimaeed from Eqsa (.L c . j  and ( 2 - 4 )  . TheI"-"' 
i n n e r  maximizat ion i s  r e qu i r ed  t o  ensu re  t h a t  t h e  con t en t  of t h e  s o i l  
r e s e r v o i r  does  no t  f a l l  below permanent w i l t i n g  p o i n t ,  o r  t h e  lower  l i m i t  
of a v a i l a b l e  s o i l  mois ture .  The o u t e r  minimizat ion i s  used t o  p revent  t h e  
s o i l  mo i s t u r e  conten t  exceeding f i e l d  capac i t y .  
Equat ion (3-1) shows t h a t  t h e  s t a t e  of t h e  s o i l  r e s e r v o i r  a t  . 
t i m e  (k-1) depends n o t  only on t h e  s t a t e  a t  time (k) b u t  a l s o  on t he  e x t en s i on  
of t h e  c rop  r o o t  system,  t h e  d e c i s i on  v a r i a b l e ,  and t h e  random weather 
v a r i a b l e s .  The t r a n s i t i o n  from one s t a t e  t o  t h e  n e x t  i s  t h e r e f o r e  no t  
g iven  e x a c t l y ,  b u t  r a t h e r  i n  terms of t h e  j o i n t  p r o b a b i l i t y  of occurrence 
of a tmospher ic  demand (E ) and r a i n f a l l  (\) i.e .  , P (E  flF ) .k k Ic 
3-3-2. F u n c t i o n a l  Equa t ions  
Dynamic programming i s  a f o rmu l a t i o n  which t a k e s  a s e q u e n t i a l  o r  
mu l t i - s t a g e  d e c i s i o n  p r o c e s s  c o n t a i n i n g  many independen t  v a r i a b l e s  and con-
v e r t s  i t  i n t o  a s e r i e s  of s i n g l e  s t a g e  problems.  The t r a n s f o rma t i o n  i s  
ba sed  o n  Be l lman ' s  p r i n c i p l e  of  o p t im a l i t y .  A b a s i c  r equ i r emen t  i s  that t h e  
o p t im a l  d e c i s i o n  t o  b e  made a t  a p a r t i c u l a r  s t a g e  o f  t h e  p r o c e s s  i s  dependent  
on t h e  immediate  s t a t e  of  t h e  p r o c e s s  a t  t h a t  s t a g e  and n o t  on t h e  s t a t e  of 
any p r e c ed i ng  s t a g e s  ( i . e . ,  t h e  Markov p r o p e r t y ) .  
Assume now t h a t ,  i n  t h e  c a s e  o f  an  i r r i g a t i o n  sys tem,  t h e  s t a g e s  
and i n t e rm e d i a t e  t ime  p e r i o d s  may b e  r e p r e s e n t e d  s c h ema t i c a l l y  by t h e  b l ock  
d iagram shown i n  F i g .  3-.2. The connec t i ng  arrows a r e  o r i e n t a t e d  i n  t h e  
d i r e c t i o n  o f  t h e  t i m e  a x i s ,  and r e p r e s e n t  s t a t e  i n p u t s  a t  t h e  a p p r o p r i a t e  
t i m e  p e r i o d s .  Assume a l s o  t h a t  t h e  sys tem i s  be ing  o p e r a t e d  on t h e  b a s i s  of 
an n c - t h  i r r i g a t i o n  cycle s o  t h a t  d e c i s i o n s  a r e  on ly  p e rm i t t e d  e v e r y  n e - t h  
day of t h e  i r r i g a t i o n  p e r i o d  as shown i n  F i g .  3-2. 
I f  t h e  t o t a l  i r r i g a t i o n  p e r i o d  ex t ends  o v e r  K days  t h e  initiai 
s ta te  o p t im i z a t i o n  problem i s  t o  maximize t h e  t o t a l  p r o f i t  p  K o v e r  t h e  
s e t  of  d e c i s i o n  v a r i a b l e s  d  , d2 ..., dK. Denoting f  K (SI<) a s  t h e  maximum 
expe c t e d  r e t u r n  f o r  t h e  e n t i r e  p e r i o d  t h e  f u n c t i o n a l ,  o r  r e c u r s i v e ,  equa t i on  
may b e  d e r i v e d  as fo l l ows : 
F i r s t ,  d e f i n e  t h e  r e t u r n  f o r  t h e  k - t h  p e r i o d  as 
where k = 1, 2 ,  ..., K;  Bk(Sky dk7  Ek f i s  t h e  i n c r emen t a l  b e n e f i t  i n  d o l l a r s  
f o r  t h e  k - th  time pe r i o d ;  Sk i s  t h e  s t a te  of  t h e  s o i l  mo i s t u r e  i n  t h e  crop 
r o o t  zone a t  t h e  beg inn ing  of t h e  k- th  t ime  p e r i o d ;  Ek i s  t h e  a v e r a g e  

a tmosphe r i c  demand f o r  t h e  k-th t i m e  p e r i o d ;  C i s  t h e  c o s t  of i r r i g a t i o n  
k 
f o r  t h e  k- th  t i m e  p e r i o d ,  and i s  a f u n c t i o n  of t h e  d e c i s i o n  d  a t  t h e  begin-  k 
n i ng  o f  t h e  k- th  t ime  p e r i o d .  The i r r i g a t i o n  d e c i s i o n  i s  d e f i n ed  a s  
f o l l ows  : 
d = 0; i f  k  does n o t  c o i n c i d e  w i t h  a  d e c i s i o n  s t a g e  k  
and 
4, = 0 min{Fk - Sk; max i r r i g a t i o n  a p p l i c a t i o n } ;  
i f  k  c o i n c i d e s  w i t h  a d e c i s i o n  s t a g e .  (3-3b) 
I n  Eq .  (3-3b) t h e  o u t e r  m in im iza t i on  i s  r e q u i r e d  t o  e n s u r e  t h a t  
t h e  s o i l  r e s e r v o i r  i s  n o t  f i l l e d  beyond c a p a c i t y ,  Fk, a t  t h e  beg inn ing  of 
t h e  t im e  p e r i o d  (k)  . 
The t o t a l  r e t u r n  f o r  t h e  K t ime  p e r i o d s  i s  g i v en  by t h e  sum of 
t h e  i n d i v i d u a l  d a i l y  r e t u r n s :  
s u b j e c t  t o  Eq .  (3-1) ( 3 - 4 )  
I n  t h e  d e t e rm i n i s t i c  c a s e  i t  i s  on ly  n e c e s s a r y  t o  s p e c i f y  t h e  
i n i t i a l  s t a t e  S and t h e  s e t  of  d e c i s i o n s  (d ..., d ) t o  d e s c r i b e  t h e  K K' 1 
o p e r a t i o n  of  t h e  sys tem comple te ly .  I n  t h e  c a s e  of  a s t o c h a s t i c  s y s t em ,  
however,  t h e  i n p u t  s t a t e s  a l s o  depend on t h e  v a r i a t i o n s  of  d a i l y  r a i n f a l l  
and a tmo sphe r i c  e v apo r a t i v e  demand, which a r e  j o i n t l y  d i s t r i b u t e d  random 
v a r i a b l e s .  I n  t h e  f o l l ow ing  e qu a t i o n s  t h e  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  
of d a i l y  r a i n f a l l  and evapo ra t i on  on t h e  k - t h  day i s  deno ted  by P(Ekf l%) ?  
and t h e  co r r e spond ing  ma rg ina l  p r o b a b i l i t y  d i s t r i b u t i o n  of d a i l y  evapo ra t i on  
P(Ek) The a p p r o p r i a t e  ob j e c t i v e  now i s  t o  maximize t h e  expec ted  v a l u e  
t h e  r e t u r n  ove r  t h e  K-day p e r i o d ,  t h u s  : 
f ( S )  = max {I PK(EK) r (S d ,E) K K K K'K KdK9*.-)d E 
1 K 

F a c t o r i n g  o u t  1 1 P (E n ) which i s  common t o  all terms b u t  the first,K K r k  
E~ % 
and chang ing  t h e  p o s i t i o n  o f  t h e  maximiza t ions  t h e  e qu a t i o n  now becomes 
From E q .  (3-6) , 
E q u a t i o n s  (3-7) and (3-8) may now b e  combined t o  y i e l d  t h e  fundamenta l  
s t o c h a s t i c  r e c u r s i v e  e q u a t i o n  f o r  t h e  sys tem under c o n s i d e r a t i o n :  
s u b j e c t  t o  Eq. (3-1) 
T h i s  e q u a t i o n  s tates t h a t  t h e  t o t a l  e x p e c t e d  r e t u r n  f rom t h e  s y s t e m  i n  
s t a t e  S_ a t  t i m e  K i s  o b t a i n e d  by add ing  t h e  expec ted  r e t u r n  from t h e  
c u r r e n t  t i m e  p e r i o d  f o l l o w i n g  d e c i s i o n  dK t o  t h e  e x p e c t e d  r e t u r n  from a l l  
f u t u r e  t i m e  p e r i o d s  u s i n g  t h e  r e s u l t i n g  s t a t e  and an  o p t i m a l  p o l i c y .  
The r e c u r s i v e  e q u a t i o n  may e a s i l y  b e  m o d i f i e d  t o  c o n s i d e r  t h e  
-7- --,, ,, , 'q  rlnc+ r a A  A J A i  +jonal statevar iables2 -1.7
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would b e  r e q u i r e d ,  however, t o  accoun t  f o r  t h e  dependence between p e r i o d s ,  

and t h i s ,  o f  c o u r s e ,  adds t o  t h e  complexi ty  of t h e  problem.  
By s i m i l a r  r e a s o n i n g  i t  i s  p o s s i b l e  t o  o b t a i n  t h e  cor respond ing  
e q u a t i o n s  f o r  e s t i m a t i n g  t h e  expec ted  i r r i g a t i o n  l a b o r  and a p p l i c a t i o n s  f o r  
each  month of t h e  growing season .  These  e q u a t i o n s  t a k e  t h e  f o l l o w i n g  forms: 
The t o t a l  expected i r r i g a t i o n  l a bo r  p e r  a c r e  a t  t ime (k)  f o r  a 
given i n i t i a l  s t a t e  Sk i s  
where H r e p r e s en t s  t h e  manhours of l a bo r  p e r  i r r i g a t i o n  p e r  acre;  and 
* 
mk(dk) i s  a s t e p  f u n c t i o n  which i s  de f ined  a s  f o l l ows :  
* 0, i f  t h e  op t ima l  d e c i s i on  i s  no t  t o  i r r i g a t e
O ( d ) =k k 
" *  - - - 1, i f  t h e  op t ima l  d e c i s i on  i s  t o  i r r i g a t e  
S im i l a r l y ,  t h e  t o t a l  expected i r r i g a t i o n  a p p l i c a t i o n  p e r  a c r e  a t  t ime (k) 
f o r  a g iven  i n i t i a l  s t a t e  S i sk 

* 
where dk i s  t h e  op t imal  d e c i s i on  a t  t h e  k-th t i m e  p e r i od .  
The r e s u l t s  of t h i s  s t o c h a s t i c  a n a l y s i s  a r e  t h e  expec ted  s e a sona l  
p r o f i t s ,  and t h e  expected monthly Pabsr and i r r i g a t i o n  requi rements  f o r  
each f e a s i b l e  s t a t e  of  t h e  system a t  t h e  s t a r t  of t h e  r e s p e c t i v e  time 
p e r i od s .  S ince  an i n t e rmed i a t e  s t a t e  S i s  an ou t pu t  from a prev ious  t i m ek 

p e r i o d ,  i t  cannot be  determined e x a c t l y  given t h e  p r ev ious  s t a t e ,  bu t  .only 
i n  terms of  a  p r o b a b i l i t y  d i s t r i b u t i o n .  Assuming, f o r  example, t h a t  a t  t h e  
s t a r t  of  t h e  i r r i g a t i o n  pe r iod  each of t h e  f e a s i b l e  s t a t e s  i s  equa l l y  l i k e l y  
t o  o c cu r ,  a  forward a lgo r i t hm i s  r equ i r ed  t o  de te rmine  t h e  p r o b a b i l i t y  of 
b e i ng  i n  a s p e c i f i c  s t a t e  a t  a l a t e r  t ime.  
Thus, l e t  t h e  s t a t e s  a t  t i m e  k b e  denoted by Sk, and  t h e  p r o b a b i l i t y  
of t r a n s i t i o n  from one s t a t e  a t  t ime (k) t o  another  s t a t e  Sk- 1 a t  t i m e  
(k-1) be denoted by P (SkflEkn%nSk-l ) where (SkflEkn%flSk-l) corresponds t o  
the j o i n t  occur rence  of t h e  f o u r  e v e n t s :  s o i l  mo i s tu r e  s t a t e  Sk; atmos-
pheric demand Ek; r a i n f a l l  %; and s o i l  mois ture  s t a t e  Sk-P " Then t h e  -
p r o b a b i l i t y  of  being i n  s t a t e  Sk- l  a t  t i m e  (k-1) denoted by ilk-l(Sk-l) i s  
ob t a ined  by  m u l t i p l y i n g  t h e  p r o b a b i l i t y  of be ing  i n  s t a t e  Sk a t  t ime (k ) ,  
IIk (Sk) ,  by  t h e  t r a n s i t i o n  probability P(SknEkQ\flSk-l) and t h e n  summing 
over all the f e a s i b l e  s t a t e s  S and d i s c r e t e  values of E and \ i n  t h ek k ,  

p r o b a b i l i t y  m a t r i x  a t  t i m e  (k). Thus, 

s u b j e c t  t o  Eq. (3-1) 	 (3-13) 
and 
where k = 1, 2, ..., K. 
The above d i f f e r e n c e  equa t i on  may be  so lved  f o r  s u c c e s s i v e  t i m e  
p e r i o d s  i n  t e r m s  of t h e  i n i t i a l  s t a t e  p r o b a b i l i t i e s ,  knowing t h e  j o i n t  
p r o b a b i l i t y  d i s t r i b u t i o n  of d a i l y  evapora t ion  and r a i n f a l l  and t h e  v e c t o r  
of op t ima l  decis ions  f o r  each s t a g e  of t h e  system. The end r e s u l t  is t h e  
-	 s t a t e  p r o b a b i l i t i e s  a t  t h e  beginning of each month, IIkf (Skf) , where kf = 
1, 2, 3 f o r  a t h r e e  month i r r i g a t i o n  pe r iod ,  and Skf i s  t h e  s e t  of f e a s i b l e  
states . 
Assuming now t h a t  t h e  a p p r o p r i a t e  va lues  of t h e  expected monthly 
i r r i g a t i o n  q u a n t i t i e s  I (S ) and l a b o r  requi rements  L (S ) have been kf kf kf kf 

s t o r e d  a t  the  corresponding p o i n t s  on t h e  ma t r i x  u s ing  t h e  backward 
a lgo r i t hm,  t hen  t h e  expected monthly i r r i g a t i o n  q u a n t i t y  i r r e s p e c t i v e  of 
s t a t e  i s  
and, t h e  expected monthly i r r i g a t i o n  l a b o r  i s  
3-4 Dynamic Programming So l u t i on  Procedure 
The main s t e p s  used i n  t h e  s o l u t i o n  procedure  a r e  shown schemat- 
i c a l l y  i n  F i g ,  3-38 The a c t u a l  d e t a i l s  w i l l  now b e  d i s cus sed ,  
3-4-1, Backward Algorithm 
The backward a lgo r i t hm proceeds  by assuming t h a t  on ly  one s t a g e  
remains a t  t h e  end of t h e  p roces s .  At tach ing  a  c o s t  t o  each i r r i g a t i o n  
d e c i s i on  and a revenue t o  t h e  p l a n t  growth gene ra t ed ,  t h e  set of expected 
r e t u r n s  may b e  c a l c u l a t e d  f o r  each s t a t e  of t h e  sys tem wi th ,  and w i thou t ,  
i r r i g a t i o n .  The maximum expected p r o f i t s  f  (S ) and t h e  op t ima l  dec i s ions  1 1  
3e 
d a r e  t h en  s e l e c t e d  and r e t a i n e d  i n  s t o r a g e  f o r  f u t u r e  use ,  1 

Thus, cons ider ing  t h e  l a s t  day of t he  i r r i g a t i o n  p e r i od ,  s i n c e  
a l l  f u t u r e  r e t u r n s  a r e  ze ro ,  t h e  r e cu r r en c e  equa t i on  reduces  t o  
STORE EXPECTED kIObITWLY 
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Figure 3-3. Dynamic programming f l o w  c h a r t  
f" 

&, s t r e s s -day  concept ,  t h e  maximum expec ted  p r o f i t  may b e  expressed  as
B 
f ( S  I = max P1(E1? $(e l  - eTL) - c (d ) (3-18)1 1  1 1  
dl 

where 0  i s  t h e  vo lume t r i c  s o i l  mo i s tu r e  con t en t  and i s  de f ined  a sl 

s1 1  wi thou t  i r r i g a t i o n  /F 
-
-
(Sl + dl) /F1 w i t h  i r r i g a t i o n  
where S i s  s e l e c t e d  a t  a f i n i t e  number of p o i n t s  i n  t h e  range  of f e a s i b l eP 

s t o r a g e  between permanent w i l t i n g  p o i n t  and f i e l d  c a p a c i t y  a t  t h e  s t a r t  of 
pe r iod  1; BTL i s  t h e  t u r g o r  l o s s  p o i n t  which i s  r e l a t e d  t o  t h e  c rop  
p o t e n t i a l  e v a p o t r a n s p i r a t i o n ;  ATel i s  t h e  h a r v e s t a b l e  p o r t i o n  o f  t h e  p l a n t  
p o t e n t i a l  growth increment  i n  pe r iod  1 i n  bushe l s  p e r  a c r e ;  and P i s  t he  
market v a l u e  p e r  bushe l  of c rop ,  
From Chapter 2 ,  i f  t h e  a v a i l a b l e  s o i l  mo i s tu r e  con t en t  6 ,  equa ls  
OK exceeds t h e  t u rgo r  l o s s  f u n c t i o n  6 on a p a r t i c u l a r  day,  t h e  p l a n t  TL 

main t a in s  f u l l  t u rgo r  and t h e r e  i s  no l o g s  of growth. On t h e  o t h e r  hand, 
i f  t h e  s o i l  mo i s tu r e  conten t  i s  l e s s  t han  t h e  t u r g o r  l o s s  f u n c t i o n  t h e  p l a n t  
becomes s t r e s s e d  and l o s e s  a d a i l y  growth increment .  O r ,  expressed  i n  
mathemat ica l  terms: 
and 
if 
$(e l  - eTL) = 0 I n  Eq .  (3-19) i f  el - O T L  < 0 
Equat ion  (3-18) i s  so lved  u s ing  t h e  two s e t s  of v a l u e s  of 0 1 from 
Eq .  (3-19) and t h e  a pp rop r i a t e  va lues  of  the c o s t  f u n c t i o n  C1(db ) =  The 
maximum re tu rns  f (S  ) and t h e  op t ima l  d e c i s i o n s  d a r e  t hen  s e l e c t e d  f o r  1 a_ 1 
each feas tb le  v a l u e  of the s t a t e  v a r i a b l e  S  l and s t o r e d  f o r  f u t u r e  use., 
P roceeding  now t o  t h e  second day b e f o r e  harvest, s i n c e  t h e  
s p r i n k l e r  system ha s  now been  moved t o  a  new p o s i t i o n  on the farm, an 
irrigation d e c i s i o n  i s  no l onge r  p o s s i b l e  f o r  t h e  u n i t  a r e a  of crop under 
c on s i d e r a t i on  and t h e  r e c u r s i v e  equa t i on  now t akes  the form: 
The procedure  fol lowed i n  p e r i od  2 f o r  c a l c u l a t i n g  t h e  c u r r e n t  
r e t u r n ,  g i v en  by t h e  f i r s t  term of E q ,  (3-21), i s  s im i l a r  t o  t h a t  employed 
i n  p e r i od  1, neg l e c t i ng  the d e c i s i on  t o  i r r i g a t e .  I n  t h i s  c a s e ,  however, 
we have t o  c on s i d e r  t h e  v a l u e  of f u t u r e  b e n e f i t s  f o r  p e r i o d  I, r e p r e s en t ed  
by t h e  second t e r m  of Eq .  (3-21) .  The a pp rop r i a t e  v a l u e  of f ( S  ) t o  useE 1 
i n  t h i s  equat ion  i s  the v a l u e  of f (S ) ob ta ined  i n  t h e  p r ev ious  s t e p  1 1  
which satisfies t h e  t r ans fo rma t ion  equa t i on :  
This equa t ion  r e l a t e s  the  s o i l  mo i s tu r e  l e v e l  S1 a t  t h e  , s t a r t  
of period 1 w i t h  s e l e c t e d  va lues  of s o i l  m0 i s t u r e . S  2 a t  t h e  s t a r t  of per iod  
2 ,  knowing the e f f e c t i v e  r a i n f a l l  R2 and t h e  crop ev apo t r an sp i r a t i on  l o s s  
du r ing  p e r i od  2 .  For v a l u e s  of S1 which do no t  a g r e e  w i t h  t h e  va lues  Ea2 
of  S l  s e l e c t e d  i n  t h e  prev ious  s t e p ,  i t  i s  of course  neces sa ry  t o  compute 
f (S ) by i n t e r p o l a t i o n ,  The v a l u e  of E t o  be  used i n  t h i s  equa t i on  is1 1  a2 
determined as fo l lows  ; 
Equat ion (3-21) t h e r e f o r e  p rov ides  t h e  op t ima l  va lues  of f 2 (S2 ) 
f o r  all va l u e s  of t h e  s t a t e  v a r i a b l e  a t  t h e  beginning of pe r iod  2, These 
8 

Thi s  p roces s  i s  r epea t ed  i n  d a i l y  time s t e p s  u n t i l  t h e  completion 
?k 

of t h e  i r r i g a t i o n  c y c l e ,  when t h e  op t ima l  d e c i s i on s  d  a r e  a g a i n  s e l e c t e d  
n 
C $$ 
6 f o r  each  v a l u e  of t h e  s t a t e  v a r i a b l e .  It i s ,  t h e r e f o r e ,  only neces sa ry  
kfl t o  s e l e c t  and s t o r e  op t imal  d e c i s i on s  every  n - t h  day of an n  -day i r r i g a -  
CD c 
t i o n  c y c l e .  During i n t e rmed i a t e  days when t he  l a t e r a l  of t h e  i r r i g a t i o n  
* 
water  supp ly  system has  been moved t o  a l t e r n a t i v e  p o s i t i o n s  t h e  d e c i s i on  g 
hig c r i t e r i o n  does n o t  e x i s t  and on ly  t h e  t o t a l  expected r e t u r n s  a r e  computed, 
f$$7 

fg The r e cu r s i v e  n a t u r e  of t h e  g ene r a l  equa t i on  i s  now c l e a r ,  A s  
each t ime  p e r i od  i s  added, an op t ima l  set of d e c i s i 0 n s . i ~made on ly  i f  t h e  
new t i m e  p e r i od  co inc ides  w i t h  a d e c i s i o n  s t a g e ,  o the rwi se  on ly  t h e  t o t a l  
expec ted  p r o f i t s  a r e  accwnulated.  This  adding-on procedure  i s  cont inued 
u n t i l  t h e  e n t i r e  i r r i g a t i o n  season  has  been cons idered .  
The v a l u e  of e i t h e r  t h e  c y c l e  t ime o r  t h e  a p p l i c a t i o n  amount i s  
now changed, and t h e  e n t i r e  p roces s  i s  r epea t ed  u n t i l  a l l  combinations of 
c y c l e  t ime  and app l i c a t i on  amount have been eva lua t ed ,  This i s  an  e s s e n t i a l  
p a r t  o f  t h e  p roces s  s i n c e  bo t h  c y c l e  t i m e  and a p p l i c a t i o n  amount a r e  
impor t an t  v a r i a b l e s  i n  t h e  de s ign  and ope ra t i on  of i r r i g a t i o n  systems.  
It  i s  t h e r e f o r e  necessary  t o  vary  t h e s e  p a r ame t r i c a l l y  i n  o r d e r  t o  s e l e c t  
t h e  op t ima l  a l l o c a t i o n  procedures  a t  t h e  nex t  level: of op t imiza t i on .  
For each  c rop - so i l  combination and each i r r i g a t i o n  i n t e n s i t y  l e v e l  
t h e  above a n a l y s i s  y i e l d s  a se t  of op t ima l  s e a sona l  r e t u r n s  a s  a f unc t i on  
of t h e  i n i t i a l  s t a te  of the system and an op t ima l  i r r i g a t i o n  po l i c y  IP(IS,KS) 
where I S  i s  t h e  amber of s t a t e s  a t  each  s t a g e  and KS i s  t h e  number of 
d e c i s i on  s t a g e s  be ing  i n v e s t i g a t e d .  Equat ions  (3-10) and (3-12) should  a l s o  
b e  solved i n  conjursction w i t h  Eq .  (3-9) t o  determine f o r  each crop a c t i v i t y  
the  expec ted  monthly i r r i g a t i o n  i n p u t s  and l a b o r  requi rements  as a 
f unc t i on  o f  t h e  s t a t e  v a r i a b l e .  This  i n fo rma t ion  i s  r e q u i r e d  as i n p u t  d a t a  
t o  the l i n e a r  programming model i f  i r r i g a t i o n  wa te r  and l a b o r  supply  a r e  
l i m i t i n g  r e s ou r c e s  i n  t h e  process  of crop produc t ion .  
3-4-2, Fom~a r d  Algorithm 
The n e x t  phase of t h e  dynamic programming a lgo r i t hm i s  des igned  
t o  compute t h e  s t a t e  p r o b a b i l i t i e s  a t  the s t a r t  of each month of t h e  
i r r i g a t i o n  s ea son .  
Beginning wi th  t h e  f i r s t  day of t h e  i r r i g a t i o n  season  and a given 
initial s t a t e ,  the forward a lgo r i t hm of  t h e  dynamic p r o g r am i n g  u se s  the 
t r a n s f o rma t i on  equa t i on ,  the  op t imal  i r r i g a t i o n  p o l i c y ,  and t h e  j o i n t  
p r o b a b i l i t y  d i s t r i b u t i o n s  of d a i l y  r a i n f a l l  and evapo ra t i on  t o  determine 
t h e  s t a t e  p r o b a b i l i t i e s  a t  the start of t h e  nex t  t ime p e r i od .  The h e a r t  
of  t h i s  a l go r i t hm  i s  t h e  i t e r a t i v e  procedure f o r  e v a l u a t i ng  t h e  s t a t e  
p r o b a b i l i t i e s .  This  i s  based on Eqs. (3-1) and (3- l3 ) ,  and u se s  t h e  i n i t i a l  
s t a t e  p r o b a b i l i t i e s  and the known t r a n s i t i o n  p r o b a b i l i t i e s  t o , c a l c u l a t e  
t h e  new set of s t a t e  p r o b a b i l i t i e s .  Once t h e  new s e t  h a s  been c a l c u l a t e d  
t h e  p r ev ious  v a l u e s  a r e  no longer  r e qu i r ed  and a r e  r e p l a c ed  i n  s t o r a g e  by 
the new set of va lues .  The s t a t e  p r o b a b i l i t i e s  f o r  t h e  f i r s t  day of each 
month a r e  r e t a i n e d  i n  s t o r ag e  f o r  l a t e r  u se ,  This  a n a l y s i s  r e s u l t s  i n  
a  ma t r i x  which i n d i c a t e s  t h e  s t a t e  p r o b a b i l i t i e s  on t h e  f i r s t  day of each 
month f o r  t h e  e n t i r e  i r r i g a t i o n  p e r i od  11 ( S  ) Mult ip ly ing  t h e  t ranspose  kf k f  
of  this ma t r i x  s e p a r a t e l y  by t h e  corresponding ma t r i c e s  f o r  I (S ) andkf kf 
L ~ ~ ~ ( S ~ ~ )as i n d i c a t e d  by Eqs. (3-15) and (3-16) y i e l d s  a  p a i r  of v e c t o r s  
f o r  the expec ted  monthly i r r i g a t i o n  and l a b o r  requi rements ,  
t $ 3-5. L i n e a r  Programming Model 
$1 
k" I n  r e c e n t  y e a r s  l i n e a r  programming has  come t o  be  recognized a s  
C6 a  u s e f u l  medium i n  farm p l ann ing ,  The technique  i s  s u i t a b l e  f o r  so lv ing  p 

a v a r i e t y  of problems which i n c l ude  t h e  e s t ima t i on  of minimum c o s t  feeds  
o r  p o u l t r y  and l i v e s t o c k ,  o r  f i n d i n g  t h e  combinations of l im i t i n g  r e sou rce s  
which y i e l d  maximum farm p r o f i t .  In t h e  case  of c rop  p roduc t ion ,  l i n e a r  
programming n o t  on ly  s e l e c t s  t h e  types  of crops t o  b e  grown b u t  a l s o  s p e c i f i e s  
g 
r: t h e  number of a c r e s  of l and  a l l o c a t e d  t o  each crop and t h e  op t imal  1[ method of  crop produc t ion .  
Unfo r tuna t e ly  d i f f i c u l t i e s  a r i s e  i n  t he  a n a l y s i s  and des ign  of 
1 i r r i g a t i o n  schemes. This  i s  due t o  t h e  f a c t  t h a t  t h e  problem i s  b a s i c a l l ys 
b.
f l$6 a s t o c h a s t i c  mu l t i - s t age  d e c i s i on  p roces s  which i nvo l v e s  both space  and $ g 

k
g time d i s t r i b u t i o n  of i r r i g a t i o n  i n p u t s ,  and  hence i t  i s  no t  s u i t e d  t o  a 
@$& s t a nda r d  l i n e a r  programming a n a l y s i s .  Va r i a t i ons  i n  s o i l  mo i s tu r e  and o t h e r  Q.
E"; 
environmental  f a c t o r s  n o t  on ly  a f f e c t  c rop  produc t ion ,  bu t  a l s o  are i n t i -
mately connected w i th  the problem of sys tem design and ope ra t i on .  It 
would appea r ,  t h e r e f o r e ,  t h a t  t h e r e  e x i s t s  a need f o r  a  more g ene r a l  model 
which combines t h e  p r o p e r t i e s  of l i n e a r  and dynamic programming a lgor i thms .  
The l i n e a r  programming a n a l y s i s  beg ins  a t  t h e  po i n t  where t h e  
i n i t i a l  o p t im i z a t i on  of each c rop - so i l  a c t i v i t y  h a s  been  completed by t h e  
dynamic programming sub rou t ine .  The ou t pu t  from t h i s  p a r t  of t h e  a n a l y s i s  
i s  t h e  p r o f i t s ,  and t h e  expected monthly i r r i g a t i o n  and l abo r  requirements  
33 
per acre of  c rop .  The f u n c t i o n  of t h e  l i n e a r  programming i s  t o  s e l e c t  t h e  
i r r i g a t i o n  sys tem and l e v e l  of i r r i g a t i o n  development which op t imizes  farm 
p r o f i t  subject t o  t h e  s e t  o f  resource c o n s t r a i n t s  which e x i s t  on t h e  farm. 
The supply  of i r r i g a t i o n  wa te r  t o  a farm i n c r e a s e s  t h e  expected 
crop y i e l d  p e r  a c r e  c u l t i v a t e d  by dry farming methods, and i t  may a l s o  
produce some changes i n  c rop  p a t t e r n ,  i f  t h i s  i s  more p r o f i t a b l e .  The 
degree  of t h e s e  changes depends on a  number of f a c t o r s  such a s  s o i l  t ype ,  
c l ima t i c  c o n d i t i o n s ,  t h e  amount of c a p i t a l  a v a i l a b l e ,  the supply l e v e l  of 
i r r i g a t i o n  water, and t h e  a v a i l a b i l i t y  of l a bo r .  Competit ion f o r  s e a sona l  
l a b o r  i s  u s u a l l y  i n t e n s e  on i r r i g a t e d  f a -ms ,  s i n c e  l a b o r  i s  no t  on ly  needed 
t o  f i l l  t he  o r d i n a r y  jobs  of t h e  cropping season  bu t  a l s o  t o  apply i r r i g a -  
t i o n  wa te r .  The a v a i l a b i l i t y  of l a bo r  i s ,  t h e r e f o r e ,  one of t h e  impor tan t  
f a c t o r s  which i n f l u enc e s  t h e  choice  of i r r i g a t i o n  system. 
The c o n s t r a i n t s  of t h e  model d e s c r i b e  t h e  farm s t r u c t u r e  a s  they 
a f f e c t  p roduc t ion .  Those gene r a l l y  cons idered  i n  farm models a r e  ac reage  
of l and  i n  each s o i l  c l a s s ,  hou r s  of l a b o r  a v a i l a b l e  each month, l im i t a t i o n s  
o r  quotas  imposed on crop ac r eages ,  and t h e  amount of op e r a t i ng  c a p i t a l .  
A s  i n  the convent iona l  l i n e a r  programming a n a l y s i s  each combination 
of c rop ,  s o i l  t y p e ,  and l e v e l  of i r r i g a t i o n  i s  considered a s  a d i f f e r e n t  
p roduc t ion  p o s s i b i l i t y ,  o r  a c t i v i t y .  Assuming then t h a t  t h e  g ene r a l i z ed  
crop farm model hzs t o  cons ide r  J s o i l s  o r  f i e l d s ,  L l e v e l s  of i r r i g a t i o n  
development, M i r r i g a t i o n  sys tems ,  and N c rops ,  and t h a t  i t  i s  cons t r a ined  
by I r e s ou r c e s .  Then the produc t ion  p o s s i b i l i t i e s o f  t h e  farm w i l l  
c o n s i s t  of  3 x L x M x N s e p a r a t e  a c t i v i t i e s  and t h e s e  may b e  r e p r e s en t ed  
he r e  i = 1, 2 ,  ..., I; j = 1, 2,  ..., J; 1 = 1, 2 ,  ..., L ;  m = 1, 2,  ..., M 
and n  = 1, 2 ,  ..., N. An a d d i t i o n a l  c o n s t r a i n t  i s  t h a t  t h e  Xjlmn ' s  should 
n o t  be  n e g a t i v e ,  i ,e,, 
The B . ' S  r e p r e s en t  t h e  r e s ou r c e  i npu t  q u a n t i t i e s  ( l a nd ,  l a bo r ,  
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c a p i t a l ,  e t c . )  and a r e  h e l d  c on s t an t  throughout  t h e  l i n e a r  programming 
a n a l y s i s .  Spec i fy ing  t h e  v a r i ou s  l e v e l s  of t he  Bi ' s  may b e  d i f f i c u l t  i n  
some s i t u a t i o n s .  For example, a c e r t a i n  degree of f l e x i b i l i t y  e x i s t s  i n  
t h e  c a s e  of l a b o r  s i n c e  t h e  farm ope r a t o r  i s  g ene r a l l y . p r ep a r ed  t o  work over-
time du r ing  pe r iods  of peak demand b u t  i s  no t  w i l l i n g  t o  do s o  over  t he  
e n t i r e  y e a r .  S im i l a r l y ,  i f  wa t e r  i s  t o  b e  withdrawn from a ground water 
source there 2s alwsys :he problem of s p e c i f y i ng  the s a f e  l ong  term y i e l d  
f o r  i r r i g a t i o n .  
The column v e c t o r s  X r e p r e s e n t  t h e  economic a c t i v i t i e s  o r  jlmn , 
t h e  p roduc t ion  p roces se s .  The column c o e f f i c i e n t s ,  o r  input -ou tpu t  
c o e f f i c i e n t s  , ai j lmn ' de s c r i b e  the r e s ou r c e  i npu t s  p e r  u n i t  l e v e l  of each 
a c t i v i t y .  The problem i s  t o  s e l e c t  t h e  unknown l e v e l s  of t h e  column 
vectors X.* s o  t h a t  t h e  farm object ive  f unc t i on  w i l l  b e  maximized, i.e.,
J lm 
Maximize 
where t h e  C ' s  a r e  the g ro s s  unit revenues f o r  each a c t i v i t y  minus t h e  t o t a l  
production costs . 
3-6.  Input  Requirements 
The cons t ra in t  d a t a ,  comprising the a c r e s  i n  each s o i l  c a t ego ry ,  
labor available each month, the ope r a t i ng  c a p i t a l ,  and any acreage  r e s t r i c -  
tions on t h e  crops should b e  readily a v a i l a b l e  f o r  each farm. However, 
h i s t o r i c a l  y i e l d  d a t a  f o r  the various c rop - so i l  combinations and l e v e l s  of 
i r r i g a t i o n  development which a r e  required as i n p u t  data t o  the l i n e a r  
programming model are not likely t o  be available. S im i l a r l y ,  t h e r e  is some 
d i f f i c u l t y  i n  e s t ima t i ng  the a d d i t i o n a l  l a bo r  and water requirements t o  
conver t  from dryland t o  irrigated farming s ince  these depend t o  a large 
e x t e n t  on random weather variations du r ing  the growing season. 
To circumvent t h i s  difficulty r e p r e s e n t a t i v e  values are used  f o r  
these coefficients i n  conventional,  $Inear programming a n a l y s i s ,  However, 
a s  p o i n t e d  out by Day [I9631 and Michalson [1969] ,  t h i s  procedure c o n s t i t u t e s  
one of  the basic wealcnesses of l i n e a r  programming s i n c e  i t  g ene r a l l y  l e ads  
t o  an inaccurate estimate of farm produc t ion ,  S im i l a r l y ,  the u s e  of 
representative values f o r  developing i r r i g a t i o n  policies f o r  i n d i v i d u a l  
farms may l e a d  t o  i n app rop r i a t e  r e s u l t s  i n  those cases in which the actual 
c o e f f i c i e n t s  differ s u b s t a n t i a l l y  from the r e p r e s e n t a t i v e  c o e f f i c i e n t s  . 
Although i t  i s  unlikely that a p e r f e c t  e s t ima t e  w i l l  e v e r  b e  p o s s i b l e ,  i t  
i s  believed that the  use of a two-level op t imiza t i on  approach does prov ide  
a s y s t em a t i c  method of  a l l ow ing  f o r  c l i m a t i c  v a r i a b i l i t y ,  and a l s o  pe rmi t s  
a  d i r e c t  e v a l u a t i o n . o f  t h e  above c o e f f i c i e n t s .  
The dynamic programming y i e l d s  t h e  p e r  a c r e  n e t  p r o f i t s  f o r  e ach  
crop a c t i v i t y ,  A t  t h i s  l e v e l ,  t h e  p r odu c t i o n  c o s t s  i n c l u d e  o n l y  l a b o r ,  
ene rgy ,  and maintenance c o s t s .  I n  o r d e r  t o  compare t h e  v a r i o u s  a c t i v i t i e s  
a t  t h e  n e x t  l e v e l  of o p t im i z a t i o n  t h e  a d d i t i o n a l  c o s t s  of  i r r i g a t i o n  and 
t h e  sy s t em  f i x e d  c o s t s  s hou ld  a l s o  b e  s u b t r a c t e d  f rom t h e  p e r  a c r e  r e t u r n s .  
The a d d i t i o n a l  c o s t s  of  i r r i g a t i o n  are n e c e s s a r y  t o  compare t h e  d ry  fa rming  
and t h e  i r r i g a t e d  fa rming  a c t i v i t i e s ,  s i n c e  t h e  l a t t e r  r e q u i r e s  a h i g h e r  
v e l  of s e e d  and f e r t i l i z e r  i n p u t s .  S im i l a r l y ,  t o  compare t h e  v a r i o u s  
sys tems  and t h e  d i f f e r e n t  l e v e l s  o f  i r r i g a t i o n  i t  i s  a l s o  n e c e s s a r y  t o  
o b t a i n  a n  e xp r e s s i o n  f o r  t h e  p e r  a c r e  c o s t s  of t h e  systems i n  terms of t h e  
two p a r ame t e r s ,  i r r i g a t i o n  c y c l e  and a p p l i c a t i o n  amount. Such a  f u n c t i o n  
i s  by no  means p r e c i s e  s i n c e  i t  depends on a  l a r g e  number of f a c t o r s  which 
i n c l u d e  s o i l ,  topography,  and s ou r c e  of  wa t e r  s u pp l y ,  i n  a d d i t i o n  t o  t h e  
v a r y i n g  p r i c e  l e v e l s  of  d i f f e r e n t  manufac tu r ing  companies.  I t  shou ld ,  how- 
e v e r ,  g e n e r a l l y  b e  p o s s i b l e  t o  o b t a i n  a r ange  of q u o t a t i o n s  on which t o  
b a s e  t h e  e s t im a t e s  of t h e  f i x e d  annua l  cha rges  on a  p e r  a c r e  b a s i s .  
A b a s i c  assumpt ion of t h e  linear programming model i s  that t h e  
o b j e c t i v e  f u n c t i o n  and t h e  c o n s t r a i n t s  a r e  l i n e a r .  This r e q u i r e s  t h a t  t h e  
sys tem o u t p u t s  and r e s o u r c e  r equ i r emen t s  must b e  p r o p o r t i o n a l  t o  t h e  l e v e l  
of e ach  a c t i v i t y  be ing  cons ide r ed .  Th i s ,  however, i s  n o t  n e c e s s a r i l y  a 
l i m i t a t i o n  o f  t h e  model. S p e c i a l  t e chn ique s  a r e  a v a i l a b l e  f o r  d e a l i n g  
w i t h  problems of n o n l i n e a r i t y .  For  example, chang ing  c o s t  f u n c t i o n s  may b e  
t -- i n  a s t e pw i s e  f a sh i an  by using s e v e r a l  a c t i v i t i e s  ~ ~ d r r d l e d  t o  s imu l a t e  the 
changes  i n  p roduc t i on .  
3-7. L inea r  P r og r am ing  So l u t i on  Procedure  
A l l  t h e  techniques  a c t u a l l y  used i n  ob t a i n i ng  an op t imal  s o l u t i o n  
of a l i n e a r  programming model a r e  i t e r a t i v e ,  The b e s t  known and most 
e f f i c i e n t  method f o r  s o l v i ng  l i n e a r  programming problems i s  c a l l e d  t h e  
s implex method, 
Any se t  of  t h e  d e c i s i on  v a r i a b l e s  X which s a t i s f i e s  t h e  system j lrnn 
c o n s t r a i n t s  r e p r e s e n t s  a f e a s i b l e  s o l u t i o n  of t h e  problem. Af t e r  t h e  i n i t i a l  
s o l u t i o n  has been  s e l e c t e d  t h e  s implex method proceeds i n  s t e p s ,  exchanging 
one column o r  a c t i v i t y  i n  t h e  s o l u t i o n  by one column n o t  i n  t h e  s o l u t i o n ,  
u n t i l  i t  f i n d s  a s o l u t i o n  which op t imizes  t h e  ob j e c t i v e  f unc t i on .  Th i s  i s  
c a l l e d  t h e  op t ima l  f e a s i b l e  s o l u t i o n .  Not a l l  l i n e a r  programming problems 
have an op t ima l  s o l u t i o n ,  I f  t h e r e  i s  no s o l u t i o n  a t  a l l  i n  non-negat ive 
v a r i a b l e s ,  o r  none t h a t  keeps t h e  v a r i a b l e s  w i t h i n  t h e i r  s p e c i f i e d  l i m i t s ,  
t h e  l i n e a r  programming procedure becomes i n f e a s i b l e .  
A f t e r  a l l  t h e  c o n s t r a i n t s  and a c t i v i t i e s  have been s p e c i f i e d ,  t h e  
l i n e a r  programming t ab l eau  must be  cons t ruc t ed .  A g ene r a l i z ed  f o m  f o r  t h e  
model of an. i r r i g a t i o n  system i s  shown schema t i ca l l y  i n  Table 3-1. 
For a p a r t i c u l a r  i r r i g a t i o n  system t h e  columns of t h e  crop growing 
a c t i v i t i e s  c o n s i s t  of N groups of J x L columns, each group be ing  used  
t o  r e p r e s e n t  a p a r t i c u l a r  crop.  Each crop may b e  grown on 3 s o i l  t y p e s  
a t  L p roduc t ion  l e v e l s  where a  p roduc t ion  l e v e l  i s  de f ined  a s  t h e  v a r i a b l e  
amounts of i r r i g a t i o n  which a f f e c t  t h e . y i e l d  o r  growing c o s t  of a  p a r t i c u l a r  
c rop .  
The f i r s t  group of rows (Sec t i on  A) d e f i n e s  t h e  acreage  l im i t a t i o n s  
f o r  t h e  J s o i l  t ypes  (o r  f i e l d s )  which e x i s t  on t h e  farm. This  s e c t i o n  i s  
made up of a  number of i d e n t i t y  ma t r i ce s  of dimension J x J, each hav ing  
ones i n  t h e  d i agona l s  and zeros  e l sewhere ,  The s i z e s  of t h e s e  ma t r i c e s  
e c o 
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depends on t h e  number of s o i l  types  o r  f i e l d s  be ing  cons idered  i n  t h e  
a n a l y s i s .  The a c t u a l  number of i d e n t l t y  ma t r i c e s  w i l l  be  e qua l  t o  t h e  prod- 
~ c t  Hence t h i s  s e c t i o n  w i l l  of N c rops  x L produc t ion  l e v e l s  x M systems.  
c o n s i s t  of J x L x M x N columns by J rows, 
The n e x t  group (Sec t i on  B) of 1 2  rows s p e c i f i e s  t h e  l a b o r  con- -
s t r a i n t  l e v e l s ,  which a r e  equa l  t o  t h e  expected monthly l a b o r  ( i n  man hours )  
a v a i l a b l e  each  month. The column c o e f f i c i e n t s  i n  t h i s  s e c t i o n  r e p r e s e n t  
t h e  amount of l a b o r  r equ i r ed  each month t o  grow one a c r e  of each c rop  
a c t i v i t y .  These va lues  a r e  ob ta ined  by f i r s t  e s t ima t i ng  t h e  monthly l a bo r  
requi rements  for t h e  dry farming s i t u a t i o n  and then augmenting the appro-
p r i a t e  v a l u e s  by t h e  expected monthly i r r i g a t i o n  requi rements .  The former 
set of v a l u e s  may be  ob ta ined  from a  Farm Management Manual 119691, o r  
by e s t ima t i n g  t h e  t imes of t h e  v a r i ou s  c u l t u r a l  p r a c t i c e s  f o r  each c rop ,  
and t h en  adding  an  overhead t o  cover maintenance,  e t c .  The l a t t e r  s e t  of 
v a l u e s  i s  ob t a ined  from t h e  dynamic programming model and a l lows  f o r  t h e  
e f fec t s  of  c l im a t i c  v a r i a b i l i t y .  
S e c t i o n  C i s  used t o  r e p r e s en t  t h e  acreage  r e s t r i c t i o n s  on each 
of  the N crops.  The c o n s t r a i n t  l e v e l s  i n  t h i s  case  a r e  e i t h e r  e qua l  t o  t he  
t o t a l  a c r eage  a v a i l a b l e  f o r  cropping o r  e qua l  t o  some sma l l e r  v a l u e  which 
may b e  f i x e d  by a government program. The s e c t i o n  w i l l  c o n s i s t  of N rows 
each con t a i n i ng  (J x L x M) u n i t  c o e f f i c i e n t s .  
The f a s t  two c o n s t r a i n t  rows, Sec t i ons  D and E, a r e  used t o  
r e p r e s e n t  l i m i t a t i o n s  on t h e  a v a i l a b l e  ope r a t i ng  c a p i t a l ,  and t h e  expected 
s e a sona l  wa t e r  supply.  I f  d e s i r e d ,  t h e  l a t t e r  c o n s t r a i n t  may be s p e c i f i e d  
on a monthly basis t o  a l low f o r  v a r i a t i o n s  i n  t h e  a v a i l a b i l i t y  of water 
dur ing  the i r r i g a t i o n  season.  
p
fii va lue s  of t h e  a c t i v i t i e s .  I n  t h i s  c a s e  t h e  c o e f f i c i e n t s  r e p r e s e n t  t h e  
expected p r o f i t  of  p roduc ing  one a c r e  of  a particular crop  f o r  each  sys tem 
and e ach  level  of i r r i g a t i o n  i n d i c a t e d .  These p r o f i t s  a r e  0 b t a i n e d . b ~  
s u b t r a c t i n g  t h e  t o t a l  p r odu c t i o n  c o s t s  from t h e  expec t ed  marke t  v a l u e s  .of  
t h e  v a r i o u s  c r o p s .  
I n  s o l v i n g  a l i n e a r  p r o g r am i n g  problem on a d i g i t a l  computer 
u s i ng  the IBM ~ S / 3 6 0l i n e a r  p r o g r am i n g  code i t  i s  n o t  n e c e s s a r y  t o  i n c l u d e  
the s l a c k  v a r i a b l e s  s i n c e  t h e  computer r o u t i n e  i s  programmed. t o  h a n d l e  t h e s e  
a u t oma t i c a l l y .  These v a r i a b l e s  a r e  used t o  change t h e  i n e q u a l i t y  con-
s t r a i n t s  t o  e q u a l i t i e s ,  and r e p r e s e n t  t h e  amount of  r e s o u r c e  i n p u t s  which 
1 
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a r e  no t  r e q u i r e d  by t h e  o p t ima l  c ropp ing  a c t i v i t i e s  4~ the f i n a l  s o l u t i o n .  
The a c t u a l  punched c a r d  i n p u t  r e qu i r e d  t o  s t r u c t u r e  a n  i n d i v i d u a l  
farm l inear programming model c o n s i s t s  o f  a s e r i e s  o f  p a r ame t e r  c a r d s  
s p e c i f y i n g  t h e  p roduc t i on  a l t e r n a t i v e s ,  and d a t a  c a r d s  which c o n t a i n  
P r a c t i c a l  problems that are fo rmu la t ed  as l i nea r  programming 
models are se ldom comple te ly  s o l v ed  as soon as t h e  s imp l ex  a lgo r i t hm 
i d e n t i f i e s  t h e  o p t ima l  s o l u t i o n  of t h e  n od e l ,  The c o e f f i c i e n t s  o r  con-
s t r a i n t s  of  the model are seldom known w i t h  complete c e r t a i n t y .  There fo re ,  
i t  i s  u s u a l l y  d e s i r a b l e  t o  pe r fo rm a s e n s i t i v i t y  a n a l y s i s  t o  e s t a b l i s h  t h e  
e f f e c t  o f  chang ing  p a r t i c u l a r  c o e f f i c i e n t s  o r  p a r ame t e r s  on t h e  o p t ima l  
s o l u t i o n .  For  example, by c on s i d e r i n g  d i f f e r e n t  l e v e l s  of wa t e r  a v a i l a b i l i t y  
i t  i s  p o s s i b l e  t o  e v a l u a t e  t h e  gains o r  l o s s e s  which would b e  i n c u r r e d  by 
v a r i a t i o n s  i n  t h e  s e a s on a l  water s upp l y  f o r  a g r i c u l t u r a l  use .  The r e s u l t  
of such  an a n a l y s i s  p rov ide s  a p r e l im i n a r y  de s i gn  s p e c i f i c a t i o n  and op e r a t i n g  
po l i c y  f o r  a farm irrigation system a s  a f u n c t i o n  of the l e v e l  of wa t e r  
ava i lab i%i ty. 
The p r og r am ing  the  EBM s e r i e s  computers 
has the f a c i l i t y  f o r  t h e  use of multiple ob j e c t i v e  func t ions ,  p r i c e  r ang ing ,  
parametric programming, and mu l t i p l e  right hand sides. These features 
permit the s t udy  of a wide range of farm p o s s i b i l i t i e s  and a r e  therefore  
extremely useful in the analysis of p r a c t i c a l  problems. 
The c h a r a c t e r i s t i c s  of t h e  a g r i c u l t u r a l  demand schedule  f o r  wate r  
varies on a day t o  day b a s i s  dur ing  t h e  i r r i g a t i o n  season ,  s i n c e  it depends 
t o  a l a r g e  ex ten t  on the random cl imat ic  var ia t ions .  However, if so  
d e s i r e d ,  t h e  results of  t h i s  a n a l y s i s  may be extended to e s t ima t e  the 
d a i l y ,  o r  monthly, i r r i g a t i o n  requi rements  f o r  t h e  e n t i r e  farm system. This 
i s  accomplished by making wa te r  budget  computations a t  a  number of representa-
t i v e  p o i n t s  on the farm and then  weigh t ing  t h e  i r r i g a t i o n  demands i n  
accordance  w i t h  t h e  cropping p a t t e r n .  It may, of course ,  be neces sa ry  i n  
(2 
such 3 case to a l l ow  f o r  the o p e r a t i o n a l  e f f i c i en . ey  of the conveyance 
sys tem,  since only d i s t r i b u t i o n  losses a r e  considered i n  the model. 
The next chapter illustrates t h e  a p p l i c a t i o n  of t h e  model  t o  an 
h y po t h e t i c a l  farm system w i t h  s u f f i c i e n t l y  r e a l i s t i c  assumptions t o  test  
the o p e r a t i o n a l  f e a t u r e s  of t h e  method. The a n a l y s i s  a t t emp t s  t o  show the  
s t e p s  which might  b e  taken t o  determine t h e  most p r o f i t a b l e  l e v e l  of 
i r r i g a t i o n  development,  assuming that the farm c o n s i s t s  of t wo  s o i l  types 
and t h a t  a cho i c e  e x i s t s  between two a l t e r n a t i v e  c rops ,  corn  and soybeans. 
The sys tem designer has  t o  s e l e c t  t h e  op t ima l  l e v e l  of i r r i g a t i o n  develop- 
ment and t h e  type  of system which b e s t  s u i t s  t h e  l a b o r  and non-labor 
c o n s t r a i n t s .  D i f f e r e n t  amounts of c a p i t a l ,  l a b o r ,  and wa t e r  supply  a r e  
cons idered  t o  determine t h e  e f f e c t  of t h e  v a r i ou s  r e s ou r c e  combinations on 
t he  op t ima l  p l a n .  
4. A CASE STUDY 

4 -1 ,  Sta tement  of  the Problem 
I n  t h e  prev ious  chap t e r  a fo rmu la t i on  was made f o r  an  a n a l y t i c a l  model 
which could b e  used t o  determine the op t ima l  l e v e l  of i r r i g a t i o n  development 
for a farm, and t o  s e l e c t  the  type of i r r i g a t i o n  system which best s u i t s  tfie 
farm c o n s t r a i n t s ,  In o r d e r  t o  demonstrate  haw t h e  model may b e  used t o  
hand le  an i r r i g a t i o n  de s ign  problem a h y p o t h e t i c a l  farm s i t u a t i o n  w i l l  now 
b e  analyzed. 
The farm i s  assumed t o  c o n s i s t  of two Bail t y p e s ,  o r  f i e l d s ,  
t o t a l i n g  320 a c r e s ,  of which a l l  b u t  20 a c r e s  are s u i t a b l e  f o r  crop pro- 
duc t i on .  The a l t e r n a t i v e  cropping p r a c t i c e s  i n c l u d e  corn  and soybeans,  each 
of which may b e  grown on either f i e l d .  The farmer  would like t o  know i f  
i t  i s  economica l ly  a d v i s a b l e  t o  i n s t a l l  an i r r i g a t i o n ,  sys tem and, i f  s o ,  what 
acreage of each crop should  b e  p l a n t e d ,  and what system and l e v e l  of irri-
g a t i o n  development should  b e  s e l e c t e d  i n  o r d e r  t o  maximize h i s  expec ted  
p r o f i t  s u b j e c t  t o  t h e  r e sou rce  r e s t r i c t i o n s  of t h e  farm. 
For e x p o s i t o r y  purposes i t  w i l l  b e  assumed that a choice  e x i s t s  
between only two types  of i r r i g a t i o n  equipment, and t h a t  t h & e  may b e  
characterized by the des ign  parameters ,  c y c l e  t ime,  a p p l i c a t i o n  amount p e r  
i r r i g a t i o n ,  and system efficiency.  Using these parameters to def ine  d i f -
f e r e n t  levels of c rop  produc t ion  t h e  model ha s  been s t r u c t u r e d  t o  cons ide r  
36 a c t i v i t i e s .  These inc lude  4 dry-farming a c t i v i t i e s  obtained from t h e  
combinat ions  of 2 c rops  and 2 s o i l s ,  and 32 i r r i g a t i o n  a c t i v i t i e s  ob t a ined  
from t h e  combinat ions  of  2 crops ,  2 s o i l s ,  2 c y c l e  t imes ,  2 a p p l i c a t i o n  
amounts, and 2 i r r i g a t i o n  systems. Each a c t i v i t y  r e q u i r e s  d i f f e r e n t  quant i -  
t ies of thz  r e s o u r c e  i n p u t s  c o n s i s t i n g  of l a b o r ,  i r r i g a t i o n  wa te r  supp ly ,  and 
o p e r a t i n g  c a p i t a l .  Table  4-1 shows t h e  v a r i o u s  a c t i v i t i e s  s chema t i ca l l y  i n  
m a t r i x  form. 

The a n a l y t i c a l  model, of  course ,  r e qu i r e s  a number of s imp l i f y i ng  
assumptions t o  make i t  manageable. One b a s i c  assumption i n  t h e  dynamic p ro -
gramming model i s  t h a t  wa t e r  supply i s  t h e  important  v a r i a b l e  which con t r o l s  
p l a n t  growth, a l l  o t h e r  i n pu t s  be ing  supp l i ed  a t  t h e  op t ima l  l e v e l .  It i s  
a l s o  concep tua l  t o  t h e  e x t e n t  t h a t  t h e r e  i s  no t  s u f f i c i e n t  exper imenta l  da t a  
a v a i l a b l e  t o  e s t ima t e  t h e  i nc r ea sed  va lue  of t h e  crop y i e l d s  wi th  c e r t a i n t y .  
Neve r the l e s s ,  t h e  method of  s o l u t i o n  does i n d i c a t e  how t h e  many ques t i ons  
concern ing  t h e  i n t e r a c t i o n s  of  v a r i ou s  r e sou rce  s i t u a t i o n s  and sys tem para-
meters  on t h e  de s ign  and ope r a t i on  of  an i r r i g a t i o n  sys tem may be handled 
s a t i s f a c t o r i l y  by mathematical  programming techniques .  
S i n c e  t h e  mult i -crop,  mu l t i - s o i l  farm i r r i g a t i o n  system i s  too  
cumbersome t o  b e  t r e a t e d  as a s i n g l e  e n t i t y  i t  i s  d e s i r a b l e  t o  u s e  t h e  two-
l e v e l  op t im i z a t i on  model as formulated i n  t h e  prev ious  chap t e r .  At t h e  first 
l e v e l  of  op t im i z a t i on  a dynamic p r og r am ing  model is  used t o  de te rmine  t h e  
op t imal  p o l i c y ,  t h e  maximum expected p r o f i t ,  t h e  expected monthly and sea-
s o n a l  l a b o r  requi rements ,  and t h e  expected monthly and s e a sona l  i r r i g a t i o n  
i npu t s  f o r  each  a c t i v i t y  on a p e r  a c r e  b a s i s .  A t  t h e  n ex t  l e v e l  of op t i -
miza t i on  a l i n e a r  programming model i s  used t o  p r e s c r i b e  t h e  op t imal  
combination of  a c t i v i t i e s  w i t h i n  t h e  l i m i t s  imposed by t h e  f i x ed  r e sou rce s ,  
and u s ing  ou t pu t  d a t a  provided by t h e  dynamic programming model. 
The cho i ce  of method and l e v e l  of i r r i g a t i o n  depend on t h e  c l imate ,  
s o i l  c h a r a c t e r i s t i c s ,  crop wa te r  requirements ,  t h e  a v a i l a b i l i t y  of l a bo r ,  
p r oduc t i on  c a p i t a l ,  and i r r i g a t i o n  on wate r  supply.  Moreover, s e v e r a l  
a l t e r n a t i v e s  e x i s t  f o r  an inc rea sed  supply of i r r i g a t i o n  wate r  t o  a farm, 
such a s  i n c r e a s i n g  t h e  amount of a p p l i c a t i o n  on c rops ,  s u b s t i t u t i n g  one crop 
f o r  a no t h e r ,  o r  ex tending  the  acreage  i r r i g a t e d .  I n  o r d e r ' t o  show how the  
compos i t i on  o f  t h e  o p t ima l  s o l u t i o n  changes i n  r e s pon s e  t o  changes i n  
r e s o u r c e  a v a i l a b i l i t y ,  two l e v e l s  o f  l a b o r ,  i r r i g a t i o n  wa t e r  s upp ly ,  and 
p r o d u c t i o n  c a p i t a l  a r e  cons ide r ed  i n  t h e  a n a l y s i s .  
B a s i s  f o r  t h e  Comparison o f  I r r i g a t i o n  Systems 
The i n c r e a s e d  emphasis on l a b o r  r e d u c t i o n  h a s  i n c r e a s e d  t h e  demand 
f o r  v a r i o u s  t y p e s  o f  au toma t i c  i r r i g a t i o n  sys tems ,  and equipment i s  now b e i n g  
manufac tu red  w i t h  v a r y i n g  deg r ee s  o f  au tomat ion .  As a r e s u l t ,  f a rmers  are 
c on f r on t e d  by a wide c ho i c e  o f  i r r i g a t i o n  sys tems  which cove r  a  r ange  o f  in-
ves tment  c o s t s  and l a b o r  r equ i r emen t s .  I n  o r d e r  t o  de t e rm ine  t h e  op t ima l  
sy s t em  and l e v e l  o f  i r r i g a t i o n  development a c a r e f u l  a n a l y s i s  h a s  t o  be made 
between t h e  added expense  o f  au toma t i on  on t h e  one  hand,  and t h e  s av ings  i n  
l a b o r  on t h e  o t h e r .  This  i s  e s p e c i a l l y  impo r t an t  i n  humid a r e a s  such a s  
I l l i n o i s  where  r a i n f a l l  d u r i n g  t h e  growing s e a s on  p r ov i d e s  an  a p p r e c i a b l e  pro-  
p o r t i o n  o f  t h e  c rop  needs ,  and,  as a r e s u l t ,  i r r i g a t i o n  equipment i s  used 
o n l y  p a r t  o f  t h e  t ime .  
The c a p a c i t y  o f  a r a t i o n a l l y  de s i gn  sy s t em  depends on  t h e  maximum 
a c r e ag e  t o  b e  i r r i g a t e d  i n  one c y c l e ,  t h e  maximum d a i l y  q u a n t i t y  a pp l i e d  p e r  
i r r i g a t i o n ,  t h e  number o f  o p e r a t i n g  h ou r s  p e r  day,  and  t h e  e f f i c i e n c y  o f  t h e  
sys tem.  F o r  s p r i n k l e r  i r r i g a t i o n  t h e  r a t e  o f  a p p l i c a t i o n  shou ld  no t  exceed 
t h e  i n t a k e  c a p a c i t y  o f  t h e  s o i l  n o r  c au se  damage t o  t h e  s o i l  s t r u c t u r e  o r  
t h e  c r o p s .  An a p p l i c a t i o n  r a t e  between 1 / 4  t o  112 i n c h  p e r  hou r  i s  f r e -
qu en t l y  adop ted  f o r  f a rm c r op s .  
F i x i n g  t h e  sy s t em  c a p a c i t y  l i m i t s  t h e  q u a n t i t i e s  of wa t e r  d e l i v e r e d  
i n  peak  demand p e r i o d s ,  t h u s  r educ ing  t h e  d a i l y  and s e a s o n a l  i r r i g a t i o n  a p p l i -  
c a t i o n s  below t h e  d e l i v e r i e s  which would occu r  if t h e  sys tem c ap a c i t y  was n o t  
c o n s t r a i n e d .  I n  a d d i t i o n ,  i f  i t  i s  assumed t h a t  w a t e r  i s  ob t a i n ed  from a 
ground wa t e r  sou rce  which i s  capable  of provid ing  on ly  a l im i t e d  quan t i t y  
of water over the growing season, a constraint also exists on t h e  t o t a l  
s ea sona l  supply  of i r r i g a t i o n  wate r .  By vary ing  t h e s e  c o n s t r a i n t s  para-  
m e t r i c a l l y  i n  the model a pre l iminary  des ign  s p e c i f i c a t i o n  may b e  ob ta ined  
for t h e  farm irrigation system f o r  d i f f e r en t  l e v e l s  of water a v a i l a b i l i t y ;  
I n  t h i s  s t udy  t h e  fo l lowing  two f r e quen t l y  used s p r i n k l e r  systems 
are compared on t h e  b a s i s  of c o s t  and l a b o r  requirements :  
(a) Se l f -prope l led  sprinkler system. 
(b)  .Wo-l ine s p r i n k l e r  system. 
This i s  shown schema t i ca l l y  i n  Fig. 4-la ,  and c o n s i s t s  of a s i n g l e  
p ipe  w i t h  s p r i n k l e r s  attached, mounted on wheels,  and p r o p e l l e d  s l ow l y  around 
a c e n t r a l  p i v o t  by means of wa t e r  a c t u a t ed  cy l i nde r s .  The i n i t i a l  investment 
cos t  i s  s u b s t a n t i a l l y  l a r g e r  than t h a t  of o t h e r  systems,  b u t t h i s  i s  o f f s e t  
t o  some e x t e n t  by the r educ t i on  i n  l a bo r  requirements .  
4-2-2, T o ~ - ~ i n eSpr ink l e r  Sys tem \__P_ 
Th i s  c o n s i s t s  of mu l t i p l e  s p r i n k l e r  l a t e r a l s  which a r e  operated 
from a f ixed  main a s  shown i n  F ig .  4- lb .  The l a t e r a l s  may be up t o  1 / 4  m i l e  
i n  l e n g t h  and a r e  towed from one p o s i t i o n  t o  t h e  next as i nd i c a t e d  i n  the 
f i g u r e .  The a c t u a l  number of l a t e r a l s  r equ i r ed  depends  on t h e  number of 
allowable sets per day and the maximum number of days  r e qu i r ed  t o  comple te  
an i r r i g a t i o n  dur ing  t h e  peak demand p e r i o d .  
4-3. Plodel I npu t  Requirements 
For  t h e  s o l u t i o n  of the proposed p r og r am ing  model of  a farm ir-
rigation system i t  is apparent t h a t  f ou r  d i f f e r e n t  types  of i n fo rma t ion  a r e  
{a)SELF -PROPELLED  SPRINKLER SYSTEM 
(b) TOW-LINE SPRINKLER SYSTEM 
Figure 4-1. Sprinkler systems 
r e q u i r e d ,  namely: f a rm d a t a ,  i r r i g a t i o n  sys tem d a t a ,  c r o p  d a t a ,  and c l i m a t i c  
d a t a ,  Each of t h e s e  i t ems  w i l l  b e  cons ide r ed  i n  t u r n  w i t h  p a r t i c u l a r  ref-
e r e n c e  t o  t h e  s ou r c e  o f  t h e  d a t a  o r  i n fo rma t i on ,  where a p p l i c a b l e .  
4-3-1. Farm Data  
The fa rm c rop  l a nd  c o n s i s t s  o f  two t y p e s ,  b o t h  p redominan t ly  sandy 
we l l - d r a i n ed  s o i l s ,  on each  of  which i t  i s  p o s s i b l e  t o  grow e i t h e r  co rn ,  o r  
soybeans .  Each s o i l  t y p e ,  o r  f i e l d ,  cove r s  an  e f f e c t i v e  a r e a  o f  150 a c r e s  
and h a s  p o t e n t i a l  y i e l d  c a p a b i l i t i e s  as shown i n  Tab l e  4-2, The c rop  p r i c e s  
Tab le  4-2 
P o t e n t i a l  Crop Y i e l d s  f o r  F i e l d s  1 and 2 
P o t e n t i a l  y i e l d  c a p a b i l i t y  
b u s h e l s  p e r  a c r eF i e l d  
No. Corn Soybeans 
/ 	used  i n  t h e  dynamic p r o g r am i n g  a n a l y s i s  t o .  e s t im a t e  c r op  r e t u r n s  are $1.10 
p e r  b u s h e l  f o r  co rn ,  and $2.50 p e r  b u s h e l  f o r  soybeans .  These are cons ide red  
r e p r e s e n t a t i v e  o f  f u t u r e  expec ted  p r i c e s .  
In  o r d e r  t o  show how d i f f e r e n c e s  i n  r e s o u r c e  a v a i l a b i l i t y  a f f e c t  t h e  
p r o f i t  maximizing s o l u t i o n s  two l e v e l s  of  l a b o r  s u pp l y ,  i r r i g a t i o n  wa te r  
s upp ly ,  and p roduc t i on  c a p i t a l  a r e  cons ide r ed  i n  the model. The se  l e v e l s  are  
s p e c i f i e d  i n  Tab le  4-3. The two l e v e l s  of  l a b o r  s u pp l y  a r e  e q u i v a l e n t  t o  one  
farm o p e r a t o r  p l u s  d i f f e r e n t  amounts o f  h i r e d  l a b o r .  
Tab l e  4-3 
Resource  Leve l s  Considered i n  t h e  Hodel 
Labor s u pp l y  Annual Annual
man-hours 
wa t e r  s upp ly  p r odu c t i o n  
Leve l  Monthly Annual a c r e  f e e t  c a p i t a l  
d o l l a r s  
High 300 3000 200 20,000 
Low 260 2600 100 10 ,000  
The e s t ima t e d  monthly l a b o r  r equ i rements  for n o n - i r r i g a t e d  corn  
and soybeans  a r e  shown i n  Tab l e  4-4, The cor respond ing  c a p i t a l  c o e f f i c i e n t s  
a r e  $19.60 and $18.30 f o r  co rn  and soybeans ,  r e s p e c t i v e l y .  The l a b o r  coef-
f i c i e n t s  may b e  ob t a i ned  d i r e c t l y  f rom Farm Management Manuals,  o r  a l t e r n a -
t i v e l y ,  by  e s t im a t i n g  t h e  l a b o r  r equ i r emen t s  f o r  t h e  v a r i o u s  fa rming  
o p e r a t i o n s  on a p e r  a c r e  b a s i s  and t h e n  a l l o c a t i n g  we igh ted  amounts t o  t h e  
a p p r o p r i a t e  t ime  p e r i o d s ,  The c a p i t a l  c o e f f i c i e n t s  may a l s o  b e  ob t a i ned  
from a  fa rm su rvey  and shou ld  i n c l u d e  all t h e  c o s t  i t e m s  r e q u i r e d  f o r  crop 
p r odu c t i o n  a c r e  bas is  for farming c ond i t i o n s .  
S i nce  i r r i g a t e d  fa rming  i n t e n s i f i e s  t h e  u s e  o f  l a b o r  and c a p i t a l  
t h e  above c o e f f i c i e n t s  have t o  be i n c r e a s e d  by a p p r o p r i a t e  amounts t o  cove r  
t h e  a d d i t i o n a l  i r r i g a t i o n  l a b o r  and c o s t  r equ i r emen t s .  These  a r e  d i s c u s s e d  
i n  t h e  n e x t  s e c t i o n  
4-3-2. I r r i g a t i o n  System Data 
The amount of  c a p i t a l  inves tment  r e q u i r e d  f o r  an  i r r i g a t i o n  sys tem 
depends mos t l y  on the type  o f  system, t h e  sou r ce  o f  wa t e r  s u pp l y ,  and t h e  
number o f  a c r e s  i r r i g a t e d ,  These v a r y  wide ly  from one fa rm t o  t h e  n ex t ,  
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i n d i c a t i n g  a l a r g e  range  o f  t o t a l  i n v e s t m e n t .  Recent s t u d i e s  i n  North 
Dakota and Nebraska,  however, p r o v i d e  h e l p f u l  i n f o r m a t i o n  r e g a r d i n g  t h e  
range  of c o s t s  and t h e  l a b o r  r e q u i r e m e n t s  of t h e  c o r n o n l y  used methods of  
i r r i g a t i o n  (McMartin and Bergen [1968]  and Decker,  M u l l i n e r  and Davis [ 1 9 6 7 ] ) ,  
The p r e s e n t  a n a l y s i s  w i l l  b e  based  on t h e s e  s t u d i e s  after making a suitable 
a d j u s t m e n t  t o  r e p r e s e n t  t h e  1970 g e n e r a l  l e v e l  o f  p r i c e s ,  and t o  a l l o w  f o r  
t h e  change i n  c y c l e  t i m e  and d a i l y  a p p l i c a t i o n  amounts.  Tab le  4-5 g i v e s  
an  e s t i m a t e  of  t h e  f i x e d  a n n u a l  c o s t s  on a p e r  a c r e  b a s i s  f o r  t h e  sys tems 
T a b l e  4-5 

Annual Fixed Cost  P e r  Acre  by I r r i g a t i o n  System 

Tow-line sys tem S e l f - p r o p e l l e d  sys tem 

5-day c y c l e  10-day c y c l e  5-day c y c l e  10-day c y c l e  

1 . 0  i n .  1 / 2  i n ,  1 . 0  i n ,  1 / 2  i n ,  1 , O  i n .  112 i n .  1 . 0  i n .  1 / 2  i n .  
Bg under  c o n s i d e r a t i o n ,  and i t  i s  assumed t h a t  t h e s e  do n o t  v a r y  s i g n i f i c a n t l y  
E 
f o r  d i f f e r e n t  c ropp ing  sys tems .  A 15-year  expec ted  equipment l i f e  and a 
7-percent  i n t e r e s t  r a t e  were used i n  making t h e s e  e s t i m a t e s ,  which a l s o  i n -  
c l u d e  t h e  c o s t  o f  pumping p l a n t ,  s u p p l y  p i p e l i n e ,  and  d i s t r i b u t i o n  system. 
O t h e r  c o s t s  a s s o c i a t e d  w i t h  i r r i g a t i o n  s y s t e m s  i n c l u d e  t h e  c o s t  
o f  pumping and maintenance,  t h e  c o s t  o f  a d d i t i o n a l  f i e l d  l a b o r  f o r  i r r i g a -  
t i o n ,  and the c o s t  o f  a d d i t i o n a l  f e r t i l i z e r ,  s e e d ,  s p r a y ,  e t c ,  I r r i g a t i o n  
it
8 
1 l a b o r  is  g e n e r a l l y  subd iv ided  i n t o  two t y p e s ,  namely: (1) f i x e d  l a b o r ,  
& 
which i s  r e q u i r e d  t o  p r e p a r e  the  sys tem f o r  o p e r a t i o n  i n  t h e  s p r i n g  and t o  
s t o r e  i t  away i n  t h e  f a l l ;  and (2)  v a r i a b l e  l a b o r ,  which i s  r e q u i r e d  t o  
apply  water and t o  change s e t s .  This i n fo rma t ion  may b e  ob t a ined  from 
McMartin and Bergen [1968]. The values s e l e c t e d  f o r  t h i s  study a r e  shown 
in Tab l e  4 -6 ,  
Tab l e  4-5 
I r r i g a t i o n  Labor and Pumping Cos ts  by I r r i g a t i o n  System 
i r r i g a t i o n  Labor  requirements ,  Pumping 
system man-hours p e r  a c r e  c o s t s  p e r  
Variable l a b o r  p e r  Ff xed a c r e  inch ,  
i r r i g a t i o n  labor d o l l a r s  
corn soybeans 
---W-.I-
1, Taw-line 8,4'4. 0 , 3 3  0 , 2 3  0 . 4 0  
2 .  S e l f - p r ope l l e d  0 .03  0 , 0 3  0 , 2 7  1 .08 
It i s  assumed t h a t  the man-hour l a b o r  requirements  vary t o  some 
e x t e n t  w i t h  t h e  type  of c r op  be ing  i r r i g a t e d ,  and that t h e s e  may b e  converted 
t o  labor costs using a l a bo r  r a t e  of $2.00 p e r  hour .  On the  ba s i s  of a re-
c en t  s t u d y  i n  I l l i n o i s  (Drablos and Reiss  119691) i t  w i l l  a l s o  b e  assumed 
that the i n c r e a s ed  c o s t  of f e r t i l i z e r ,  seed, sp ray ,  e tc . ,  i n t r oduce  an 
add l i t iona l  cost of  $15,00p e r  acre i n t o  the ana lys i s .  
Another impor tan t  parameter  which i s  used i n  t h i s  s t u dy  t o  charac-
te r ize  i r r i g a t i o n  systems i s  the  wa te r  a p p l i c a t i o n  e f f i c i e n c y .  This i s  
g ene r a l l y  around 75 pe rcen t  f o r  s p r i n k l e r  sys terns. EIowever, f o r  comparative 
purposes ,  i t  will be  assumed t h a t  t h e  ~ e l f - ~ r o ~ e l l e d  an e f f i c i e n cysystem has 
of 75 p e r c e n t ,  being s l i g h t l y  more e f f i c i e n t  than t h e  tow-l ine system with an 
e f f i c i e n c y  o f  70 pe rcen t .  
4-3-3. Crop Data 
The crop c h a r a c t e r i s t i c  cu rve s  which are used i n  t h i s  s t udy  t o  
de t e rm ine  t h e  a c t u a l  e v a p o t r a n s p i r a t i o n  l o s s e s  f o r  co rn  and soybeans  a r e  
shown i n  Chap te r  2 .  These i n c l u d e  t h e  expe r imen t a l  cu rves  r e l a t i n g  crop 
p o t e n t i a l  e v a p o t r a n s p i r a t i o n  t o  pan e v apo r a t i o n ,  as shown i n  F i g .  2-2-, and 
a r e p r e s e n t a t i v e  set  o f  cu rves  r e l a t i n g  a c t u a l  e v a p o t r a n s p i r a t i o n  t o  c rop  
p o t e n t i a l  e v a p o t r a n s p i r a t i o n  and s o i l  mo i s t u r e  c o n t e n t ,  a s  shown i n  F ig .  2-3. 
The c rop  p o t e n t i a l  e v apo t r a n s p i r a t i o n / p an  e v apo r a t i o n  r a t i o  f o r  soybeans 
t e nd s  t o  b e  s l i g h t l y  lower t h a n  t h e  cor respond ing  co rn  v a l u e s  a t  t h e  s t a r t  
of t h e  growing s ea son ,  s i n c e  e a r l y  ground cover  development f o r  soybeans 
t e nd s  t o  b e  s lower  than  f o r  co rn .  However, by  t h e  t i m e  maximum l e a f  a r e a  
i s  r e a ch ed  t h e  ground cover  f o r  soybeans  t ends  t o  b e  g r e a t e r ,  t h u s  g i v i n g  
a h i g h e r  r a t i o ,  
Although t h e  r e l a t i v e  growth curves  f o r  co rn  and soybeans  t a k e  
t h e  form of  a sigmoid curve ,  t h ey  are approx imate ly  l i n e a r  o v e r  most o f  t h e  
growing s e a s o n  w i t h  s lower  growth a t  t h e  s t a r t  and end of  t h e  season  
(Hanway [1962] ,  and Hamnond and Kirkham [1949]). A s  a f i r s t  approx imat ion  
i t  w i l l  be assumed t h a t  t h e  t o t a l  b i o l o g i c a l  growth occu r s  i n  cons t an t  
d a i l y  i n c r emen t s  ove r  t h e  i r r i g a t i o n  s e a son  and t h a t  t h e s e  inc rements  are 
d i r e c t l y  p r o p o r t i o n a l  t o  h a r v e s  t a b l e  y i e l d .  Th i s  enab l e s  a n  e s t im a t e  t o  
b e  made o f  a c t u a l  y e i l d s  under  any s p e c i f i e d  i r r i g a t i o n  p r a c t i c e .  
To d a t e  expe r imen t a l  s t u d i e s  have  n o t  p r og r e s s e d  s u f f i c i e n t l y  t o  
p r ov i d e  the t u r g o r  l o s s  r e l a t i o n s h i p s  f o r  t h e  v a r i o u s  c r o p / s o i l /w a t e r  com-
b i n a t i o n s  cons ide red  i n  t h i s  s t u dy .  Hypo t h e t i c a l  r e l a t i o n s h i p s ,  based on 
t h e  Denmead approach,  are t h e r e f o r e  assumed t o  show t h e  g e n e r a l  method o f  
a n a l y s i s .  These a r e  shown i n  F ig .  2-1 o f  Chapter  2 .  
The o t h e r  crop parameter  which i s  of importance i s  t h e  t ime v a r i -  
a t i o n  of  t h e  mo i s tu r e  ho ld ing  c apa c i t y  of t h e  e f f e c t i v e  r o o t  zone dur ing  t he  
growing s ea son .  This  depends on t h e  r o o t i n g  c h a r a c t e r i s t i c s  of t h e  p l a n t s  
and t h e  mo i s t u r e  ho ld ing  capac i t y  of t h e  s o i l ,  both of which vary  widely 
from one c r op - s o i l  combination t o  ano the r .  I n  t h i s  s t udy  i t  i s  assumed 
t h a t  t h e  mo i s t u r e  ho ld ing  capac i t y  i n  t h e  e f f e c t i v e  r o o t  zone i n c r e a s e s  
l i n e a r l y  w i t h  t ime  dur ing  t h e  growing season  and t h a t  t h e  i n i t i a l  and f i n a l  
values cor respond  wi th  t hose  shown i n  Tab l e  4-7.  
Table  4-7 
Mois ture  Holding Capac i t i e s  i n  t h e  E f f e c t i v e  Root 
Zones of Corn and Soybeans 
Moisture  ho ld ing  capac i t y  i n  t h e  e f f e c t i v e  
r o o t  zone, inches  
S o i l  Corn Soybeans 
1 June 30 August P June 30 August 
S o i l  t y p e  1 0.93 3=63  
S o i l  t ype  2 
P r e c i p i t a t i o n  and evapo ra t i on  r eco rds  a r e  of  b a s i c  importance i n  
a s t udy  of t h i s  n a t u r e ,  and may be  ob t a ined  from c l ima t i c  d a t a  publ i shed  
by  t h e  U. S.  Weather Bureau. The ma t r i c e s  shown i n  Tab l e  4-8 are used t o  
d e f i n e  t h e  d i s c r e t e  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  of d a i l y  r a i n f  a l l  and 
evapo ra t i on  f o r  each week of t h e  growing season.  Also shown i n  t h e  same 
t a b l e s  a r e  t h e  d i s c r e t e  marginal  p r o b a b i l i t y  va lues  f o r  d a i l y  pan evapora- 
t i o n ,  which i s  used i n  t h i s  a n a l y s i s  a s  a  measure of t h e  evapo ra t i ve  demand 
of t h e  atmosphere.  
T a b l e  4-8 
J o i n t  P r o b a b i l i t y  D i s t r i b u t i o n s  of Daily R a i n f a l l  and Pan 
E v a p o r a t i o n ,  and t h e  Marg ina l  P r o b a b i l i t y  D i s t r i b u t i o n s  of 
D a i l y  Pan Evapora t ion  During t h e  Three  Month I r r i g a t i o n  
Season,  J u n e ,  J u l y ,  and August 
J o i n t  P r o b a b i l i t y  

D i s t r i b u t i o n  

Week 1 
Week 2 
Week 3 
Week 4 
Daily pan 
e v a p o r a t i o n  
( i n .  ) 
0.2 
0.4 
0.2 
0.4 
0.2 
0.4 
Week 5 
Week 6 
Week 7 
Week 8 
Week 9 
Week 10 
Week 11 
Week 12 
Week 13  
Daily Rainfall 

( i n .  ) 
0 1.0 2.0 
0.47 0.18 0.04 
0.23 0,07 0.01 
0.46 0.16 0.03 
0.25 0,08 0.02 
0.47 Oe14 0.03 
0.24 0,lO 0.02 
Margina l  P r o b a b i l i t y  
D i s t r i b u t i o n  
D a i l y  pan P r o b a b i l i t y  
e v a p o r a t i o n  
- ( i n .  ) 
0.2 0.69 

0.4 0.31 

0.2 0.65 

0.4 0.35 

0.2 0.64 

0.4 0.36 

An i m p l i c i t  assumpt ion i n  t h i s  %s t udy  is  that the fa rm l a n d  i s  r e l -
a t i v e l y  f l a t  and permeable  s o  t h a t  r e l a t i v e l y  l i t t l e  s u r f a c e  r uno f f  o c cu r s ,  
even d u r i n g  p e r i o d s  of  i n t e n s e  r a i n f a l l ,  p rov ided  t h a t  the a v a i l a b l e  mois- 
ture i n  t h e  c rop  r o o t  zone i s  below f i e l d  c a p a c i t y .  I n  s i t u a t i o n s  where 
t h i s  i s  no t  t h e  c a s e  some p r o v i s i o n  h a s  t o  b e  made f o r  s u r f a c e  r uno f f  i n  t h e  
t r a n s f o rma t i o n  e qu a t i o n .  D e t a i l e d  i n f o rma t i o n  would t h e r e f o r e  be  r e q u i r e d  
on r a i n f a l l  i n t e n s i t i e s  and s o i l  c ond i t i o n s  t o  e n ab l e  e s t i m a t e s  t o  b e  made 
of t h e  l o s s  due  t o  s u r f a c e  d r a i nage .  
The r e co rded  r a i n f a l l  i s  t h e  t o t a l  r a i n f a l l  as measured i n  t h e  
open o r  above t h e  v e g e t a t i v e  canopy. A c e r t a i n  p e r c e n t a g e  of t h i s  w i l l  be  
i n t e r c e p t e d  b y  t h e  c rop  v e g e t a t i o n  and evapo ra t ed  back  t o  t h e  a tmosphere .  
Although i n t e r c e p t i o n  l o s s e s  do n o t  c o n t r i b u t e  d i r e c t l y  t o  t h e  s o i l  w a t e r  
s upp ly  a v a i l a b l e  t o  p l a n t s ,  s t u d i e s  by Burgy and Pomeroy [ I9581  i n d i c a t e  
t h a t  t h e y  a r e  accompanied by an e q u a l  r e du c t i o n  i n  t h e  mo i s t u r e  used  from 
t h e  s o i l .  I n t e r c e p t i o n  l o s s e s  and s u r f  a c e  runof f  w i l l  t h e r e f o r e  b e  n eg l e c t e d  
i n  this a n a l y s i s ,  and a l l  r a i n f a l l  w i l l  b e  r egarded  a s  e f f e c t i v e  r a i n f a l l  
when t h e  a v a i l a b l e  mo i s t u r e  i n  t h e  c rop  r o o t  zone i s  less  t h an  f i e l d  c a p a c i t y .  
A f t e r  f i e l d  c a p a c i t y  i s  reached  a l l  r a i n f a l l  i s  r ega rded  as exce s s  r a i n f a l l  
and i s  t h e n  l o s t  by deep seepage ,  o r  s u r f a c e  r u no f f .  
4-4. Model Ana l y s i s  and Re su l t s  
A  F o r t r a n  IV code was developed t o  check t h e  two- leve l  op t imiza -
t i o n  model d i s c u s s e d  i n  Chapter  3 .  The code e s s e n t i a l l y  c o n s i s t s  of  a main 
program and  two major  s u b r ou t i n e s .  A cdmplete  listing of the dynamic 
programming s u 5 r o u t i n e  i s  p r e s e n t e d  in Appendix C .  
4-4-1. Dynamic ~ r o g r a ' m i n g  Subrout ine  
I r r i g a t i o n  schedul ing  p r a c t f  ces  ( t iming  and amount app l ied)  are 
f r e quen t l y  s e t  up on f i x e d  o r  vary ing  schedules  which g ene r a l l y  d i s r e g a r d  
c l ima t i c  v a r i a t i o n s ,  Such systems general ly r e s u l t  i n  a l o s s  of  crop y i e l d s .  
The dynamic programming develops a procedure f o r  more  a c cu r a t e l y  schedul ing  
i r r i g a t i o n s  based on t h e  probable  v a r i a t i o n s  i n  r a i n f a l l  and evapo ra t i ve  de-
mand of t h e  atmosphere. 
? L I  ? , >  3 , - ,  . , 
The inpu t  t o  the begranrming inc ludes  parameters  which a r e  used 
t o  d e f i n e  t h e  i r r i g a t i o n  system; the per a c r e  l a b o r  requirements  p e r  i r r i g a -  
t i o n ;  t he  unit c o s t  of l a bo r ;  t h e  average pumping co s t s  p e r  acre inch  of 
wa t e r  pumped; c r o p  da ta ;  and c l ima t i c  da t a .  
The computat ional  a lgo r i t hm con s i s t s  b a s i c a l l y  of two parts as 
sho rn  t h e  c h a r t , Fig. The f i r s t  t h e  a n a l y s i s  uses  
backward a lgo r i t hm which s t a r t s  on t h e  l a s t  day of the i r r i g a t i o n  pe r iod  
and proceeds backwards i n  d a i l y  t i m e  increments t o  the  start  of t h e  i r r i g a t i o n  
s ea son .  I n  o r d e r  t o  make use  of  the  r e cu r s i v e  equa t i on  i t  i s  necessary  t o  
d i s c s e t i z e  t h e  a v a i l a b l e  s o i l  mois ture  s t o r ag e  between the  two l i m i t s  perma-
nent w i l t i n g  po i n t  and f i e l d  c apa c i t y ,  A s t e p  s i z e  was a r b i t r a r i l y  s e l e c t e d  
as one t e n t h  of  t h e  ma;icl%n'CBrn e f f e c t i v e  s t o r ag e  which i s  a v a i l a b l e  each day 
of  t h e  i r r i g a t i o n  season f o r  crop growth. 
In a d d i t i o n  a t o l e r an c e  check was inco rpo ra t ed  in the  algqrithm 
f o r  the comparison o f  system p r o f i t s  wi th ,  and wi thou t ,  i r r i g a t i o n ,  Thus, 
a f t e r  conpar ing  t h e  two va lues  of  p r ~ f i ta t  a p a r t i c u l a r  s t a t e  and s t a g e  of  
of the proces s ,  the a lgo r i t hm changes f rom d e c i s i on  IF'(IS ,Ks )  = 0 (i.e .  , do 
n o t  i r r i g a t e )  t o  dec i s ion  IP(IS,KS) = 1 (i.e., i r r i g a t e )  on ly  i f  t he  expected 
r e t u r n  from i r r i g a t i o n  exceeds t h e  expected r e t u r n  without  i r r i g a t i o n  by a 
s p e c i f i e d  t o l e r a n c e .  Here IP(IS,KS) i s  used t o  deno t e  the op t ima l  i r r i g a t i o n .  
p o l i c y  and i s  e xp r e s s e d  i n  m a t r i x  form as a f u n c t i o n  o f  t h e  state v a r i a b l e  
I S  and the stage v a r i a b l e  KS, 
k c e r t a i n  deg r ee  o f  e r r o r  o c cu r s  i n  t h e  a n a l y s i s  by d e f i n i n g  t h e  
expec ted  p r o f i t s ,  and t h e  l a b o r  and i r r i g a t i o n  r equ i r emen t s  on ly  a t  a d i s -
c r e t e  number of s t a t e s ,  and t h e n  u s i ng  l i n e a r  i n t e r p o l a t i o n  t o  e s t i m a t e  t h e  
i n t e rme d i a t e  v a l u e s .  Due t o  t h e  r e p e t i t i v e  n a t u r e  of  t h e  c a l c u l a t i o n s  t h i s  
might  l e a d  t o  l a r g e  e r r o r s  i n  t h e  a n a l y s i s  u n l e s s  a r e l a t i v e l y  f i n e  network,  
o r  s t e p - s i z e ,  i s  s e l e c t e d .  
The s e cond  s t e p  i n  t h e  a n a l y s i s  uses  a forward a l g o r i t hm  which 
moves i n  t h e  d i r e c t i o n  o f  t i m e  and is  des igned  t o  compute t h e  s t a te  p robab i l -
i t i e s  a t  t h e  s tar t  o f  each  month of t h e  i r r i g a t i o n  s e a son .  Thus, b eg inn ing  
w i th  a known se t  o f  s t a t e  p r o b a b i l i t i e s  on t h e  f i r s t  day o f  the i r r i g a t i o n  
p e r i o d  ( i n  t h i s  example a l l  i n i t i a l  s tates a r e  assumed t o  have an  e q u a l  
p r o b a b i l i t y  o f  o c cu r r e n c e ) ,  t h e  program u se s  t h e  t r a n s f o rma t i o n  e qu a t i o n ,  
t h e  o p t ima l  i r r i g a t i o n  p o l i c y ,  and t h e  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  
d a i l y  r a i n f a l l  and e v apo r a t i o n  t o  de te rmine  t h e  s ta te  p r o b a b i l i t y  d i s t r i b u -  
t i o n  a t  t h e  s tar t  o f  t h e  n e x t  day.  Th i s  p roce s s  i s  r e p e a t e d  i n  d a i l y  t ime 
steps t o  d e t e rm i n e  t h e  s t a t e  p r o b a b i l i t y  d i s t r i b u t i o n s  a t  t h e  s tar t  of each 
month. Mu l t i p l y i n g  t h e  t r a n s po s e  of  t h i s  m a t r i x  s e p a r a t e l y  by t h e  correspond-  
i n g  ma t r i c e s  f o r  expec ted  l a b o r  and i r r i g a t i o n  l a b o r  r equ i r emen t s ,  expressed  
as a f u n t i o n  of the s t a t e  v a r i a b l e ,  y i e 1 . d ~  t h e  v e c t o r s  r e p r e s e n t i n g  expected 
monthly l a b o r  and  i r r i g a t i o n  requ i rements  f o r  a given c rop  a c t i v i t y .  
4-4-2.  -.-Dynamic Programming Output 
p r o c e ed i ng  i n  t h e  manner d e s c r i b e d  i n  S e c t i o n  3-4. the op t ima l  
d e c i s i o n s  are de te rmined  f o r  each  a c t i v i t y ,  and each state and s t a g e  o f  t h e  
sys.tem, Tab le  4-9 shows a t y p i c a l  i r r i g a t i o n  p o l i c y  LP( IS ,KS)  i n  m a t r i x  form. 
Tnis  matrix indicates the l eve l  to which t h e  a v a i l a b l e  s o i l  mo i s t u r e  i s  
a l lowed  t o  deplete b e f o r e  i t  becomes p r o f i t a b l e  t o  i r r i g a t e .  The d e c i s i o n  
t o  i r r i g a t e  a t  lower  l e v e l s  towards  t h e  beg inn ing  and end o f  t h e  i r r i g a t i o n  
season ref lects  the lower  p o s s i b i l i t y  o f  s o i l  mo i s t u r e  d e p l e t i o n .  -
Other  r e s u l t s  o f  t h e  dynan ic  programming model are summarized i n  
Tables 4-10, 4-11, and 4-12. Th i s  i n fo rma t i on  c o n s t i t u t e s  p a r t  o f  t h e  b a s i c  
i n p u t  to the l i n e a r  programming model. 
The d i f f e r e n c e s  i n  n e t  p r o f i t s  between t h e  v a r i o u s  a c t i v i t i e s  due 
t o  changes i n  water a v a i l a b i l i t y  p r ov i d e  t h e  b a s i s  f o r  the op t ima l  s e l e c t i o n  
of c rops  and l e v e l  o f  i r r i g a t i o n  development.  F o r  t h e  c r op - s o i l  combinat ions  
c on s i d e r e d  i n  t h i s  s t u dy ,  i n c r e a s i n g  t h e  i r r i g a t i o n  a p p l i c a t i o n  amount and /o r  
r e du c i ng  the i n t e r v a l  between i r r i g a t i o n  d e c i s i o n s ,  i n c r e a s e s  t h e  value of  
c rop  p r odu c t i o n  as w e l l  as t h e  i r r i g a t i o n  water r equ i r emen t s .  Add i t i o n a l  
r e s u l t s  i n d i c a t e  t h a t  t h e  h i g h e r  wa t e r  h o l d i n g  c a p a c i t y  of t h e  s o i l  i s  q u i t e  
impo r t a n t  under  d ry  fa rming  c ond i t i o n s  o r  under  l i m i t e d  i r r i g a t i o n ,  b u t  i s  
o f  l e s s e r  importance when h igher  mo i s t u r e  l e v e l s  are ma in t a i ned  through more 
f r e q u e n t  i r r i g a t i o n s .  
If d e s i r e d  t h e  model may be  used t o  v e r i f y  t h a t  t h e  expec ted  r e t u r n  
from d ry  farming methods t e nd s  t o  i n c r e a s e ,  and hence t h e  corresponding bene-
f i t s  from i r r i g a t i o n  t end  t o  d im in i sh  a s  the c l im a t e  becomes w e t t e r  and /o r  as 
t h e  mo i s t u r e  h o l d i n g  c a p a c i t y  o f  t h e  s o i l  increases. By v a r y i ng  t h e s e  pa r a -  
m e t r i c a l l y  i n  t h e  model i t  i s  p o s s i b l e  t o  de t e rm ine  t h e  se t  of  environmen'tal 
c o n d i t i o n s  a t  which i r r i g a t i o n  becomes non-profitable f o r  any combination of 
c rop  p r i c e  and p o t e n t i a l  y i e l d .  
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4-4-3. L i n e a r  Programming Subrout ine  
I n  t h e  dynamic programming model dec i s ions  were made a t  f i n i t e  
intervals of  t i m e  by t r e a t i n g  t h e  c y c l e  time and a p p l i c a t i o n  amounts a s  
system pa rame te r s .  Each combination of t h e s e  parameters  y i e l d ed  a unique 
op t imal  p o l i c y  and maximum e-xpected p r o f i t  for a s e l e c t e d  c r op - s o i l  combi-
n a t i o n  and c l im a t i c  regime. The approach t h e r e f o r e  pe rmi t s  t e s t i n g  t h e  
performance of  a l t e r n a t i v e  des igns  f o r  a given s e t  of  environmental  condi-
t i o n s ,  and measures t h e  r e s u l t s  i n  economic t e r m s .  The b a s i c  problem 
cons idered  i n  t h i s  s ec t i o i l  i s  t h e  de te rmina t ion  of t h e  op t ima l  sys tem and 
l e v e l  o f  i r r i g a t i o n  development f o r  a s p e c i f i c  farm s i t u a t i o n  u s i ng  t h e  
ou tpu t  c o e f f i c i e n t s  provided by t h e  dynamic programming model. 
When a computer i s  used t o  s o l v e  a problem of t h i s  n a t u r e  i t  i s  
first nece s s a r y  t o  c on s t r u c t  a ma t r i x  r e p r e s en t i ng  t h e  produc t ion  po s s i b i l -  
i t i e s  of t h e  farm. This  i s  shown i n  Table  4-13. The columns of the mat r ix  
con t a in  a l l  t h e  c o e f f i c i e n t s  f o r  each a c t i v i t y ,  and t h e  rows con t a i n  a l l  
t h e  coefficients f o r  each resource .  In  a l l ,  36  a c t i v i t i e s  and 15 c o n s t r a i n t s  
a r e  s p e c i f i e d .  The l a t t e r  r e p r e s en t  t h e  q u a n t i t i e s  of each r e s ou r c e  ava i l -  
a b l e  f o r  c rop  produc t ion  and i nc lude  r e s t r i c t i o n s  on t h e  a r a b l e  l a nd  i n  each 
f i e l d ,  the monthly and t o t a l  annual  l a b o r  supply ,  the  annual cap i t a l  f o r  
crop p roduc t ion ,  and t h e  expected s e a sona l  supply of i r r i g a t i o i i  water. Iz 
t h i s  example t h e  crop a c t i v i t i e s  are def ined  i n  terms of  ac reage  u n i t s  s o  
t h a t  t h e  l e v e l  of each a c t i v i t y  measures t h e  p ropo r t i on  o f  t o t a l  farmland 
a l l o c a t e d  t o  t h a t  a c t i v i t y .  
The opt imal  p l a n  f o r  a given farm s i t u a t i o n  depends e x c l u s i v e l y  
upon t h e  r e s ou r c e  levels a v a i l a b l e ,  t h e  e x i s t i n g  produc t ion  p o s s i b i l i t i e s ,  
and t h e  assumed p r i c e s  and co s t s .  A change i n  any one of t h e s e  components 
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i n  t h e  programming model  g ive s  r ise t o  t h e  p o s s i b i l i t y  t h a t  t h e  opt imal  
farm p l a n  w i l l  also change. I n  t h i s  s t udy  average p r i c e s  and c o s t s  a r e  
used.  However, i n  o r d e r  t o  f i n d  how t h e  op t imal  farm p l an  changes w i t h  
change i n  r e sou rce  a v a i l a b i l i t y  two r e sou rce  l e v e l s  a r e  cons idered  i n  t h e  
a n a l y s i s  f o r  p roduc t ion  c a p i t a l ,  i r r i g a t i o n  wa te r  supply ,  and monthly and 
t o t a l  l a b o r .  
The l i n e a r  programming technique  requires estimates of the quan-
t i t i e s  of  each r e sou rce  involved i n  t h e  produc t ion  p roces s .  These i npu t s  
a r e  t a k en  t o  b e  cons t an t  p e r  a c r e  of l and  and hence p e r  u n i t  of p roduc t ion .  
P a s t  d a t a  f o r  p r i c e s  of t h e  produc ts  and t h e  q u a n t i t y  of r e s ou r c e  i npu t s  
f o r  t h e  d ry  farming s i t u a t i o n  a r e  r e a d i l y  a v a i l a b l e  from Farm Management 
Manuals, o r  may b e  secured d i r e c t l y  by farm surveys .  Spec i fy ing  t h e  ex-
pec t ed  y i e l d s  and l a bo r  and wate r  requirements  under i r r i g a t i o n  i s  some-
what more d i f f i c u l t  s i n c e  t h e s e  va ry  from one c r op - s o i l  combination t o  
t h e  n e x t  and depend t o  a l a r g e  e x t e n t  on c l ima t i c  v a r i a b i l i t y  and t h e  level 
of i r r i g a t i o n  development. I n  t h i s  a n a l y s i s  t h e  problem i s  circumvented 
by u s i ng  a dynamic programming model a t  t h e  f i r s t  l e v e l  of op t imiza t i on  
t o  o b t a i n  t h e  a d d i t i o n a l  r e sou rce  i n p u t s  r equ i r ed  under i r r i g a t e d  farming. 
s t udy  r e q u i r e s  more l abo r  i n  t h e  months June,  J u l y ,  and August under s p r i n k l e r  
i r r i g a t i o n  t han  under dry farming. These c o e f f i c i e n t s  are added d i r e c t l y  t o  
t h e  monthly l a bo r  requirements  of each dry farming a c t i v i t y  t o  ob t a i n  t h e  
l a b o r  c o e f f i c i e n t s  shown i n  t h e  ma t r i x  f o r  i r r i g a t e d  farming. The c a p i t a l  
o r  c o s t  c o e f f i c i e n t s  f o r  the  i r r i g a t i o n  a c t i v i t i e s  c o n s i s t  of t h e  fo l lowing  
t h r e e  components: the dry fa rming  c o s t  o f  c rop  p r odu c t i o n ,  t h e  a nnua l  f i x e d  
and o p e r a t i n g  c o s t s  of t h e  s p r i n k l e r  s y s t em  on a  p e r  acre b a s i s ,  and t h e  
c o s t s  r e q u i r e d  f o r  a d d i t i o n a l  s e e d ,  f e r t i l i z e r ,  and s p r a y  under  i r r i g a t e d  
farming.  It s hou l d  be n o t e d  t h a t  the p r o f i t  c o e f f i c i e n t s  o b t a i n ed  f rom t h e  
dynamic programming model have on ly  t h e  i r r i g a t i o n  l a b o r  and pumping cos ts  
deduc t ed ,  In  o r d e r  t o  compare the i r r i g a t e d  and d ry  fa rming  a c t i v i t i e s  i t  
i s ,  of  c o u r s e ,  n e c e s s a r y  t o  use  i n  t h e  l i n e a r  programming model p r o f i t  co-
e f f i c i e n t s  which have  been a d j u s t e d  t o  cover  t h e  e n t i r e  c o s t  of c rop  produc- 
tion. The p r o f  i t  c o e f f i c i e n t s  f o r  t h e  i r r i g a t i o n  a c t i v i t i e s  a r e  t h e r e f o r e  
obtained by d edu c t i n g  t h e  c on so l i d a t e d  c o s t s  of  s p r i n k l e r  i r r i g a t i o n  and t h e  
c o s t s  a s s o c i a t e d  w i t h  t h e  cor respond ing  dry  farming a c t i v i t i e s  from the  ex-
p e c t e d  g r o s s  returns. 
In f o rma l i z i n g  t h e  phys ica l  sys tem v a r y i ng  deg r ee s  of r e a l i t y  can 
be  a ch i eved  by t h e  assumpt ions  b u i l t  i n t o  t h e  mathemat ica l  model, h case in 
p o i n t  a r i s e s  i n  the s e l e c t i o n  o f  i r r i g a t i o n  equipment.  S e l f - p r op e l l e d  
sys tems ,  f o r  example, are manufactured on ly  i n  a l i m i t e d  number o f  s t a nd a r d  
s i z e s ,  w i t h  pe rhaps  t h e  160 a c r e  s i z e  b e i n g  t h e  most p opu l a r .  Another  char-  
a c t e r i s t i c  o f  t h e  s e l f - p r o p e l l e d  sys tems  i s  that i d e a l l y  they  s hou l d  b e  used 
t o  i r r i g a t e  o n l y  one f i e l d  crop a t  a g iven  t i m e  u n l e s s ,  of  course,  t h e  crops  
have i d e n t i c a l  w a t e r  r equ i r emen t s .  In  a d d i t i o n ,  economies of s i z e '  a r e  i n -  
he ren t  i n  their des ign  s i n c e  t h e i r  cast i s  roughly p r o p o r t i o n a l  to the 
l e n g t h  o f  the r o t a t i n g  p i p e  whereas  t h e  area i r r i g a t e d  i s  p r o p o r t i o n a l  t o  
t h e  s q u a r e  o f  the l e n g t h .  These  f a c t o r s  t e nd  t o  comp l i c a t e  the l i n e a r  pro- 
gramming analysis, bu t  n e v e r t h e l e s s  shou ld  b e  r e cogn i zed  i f  a more complete 
r e p r e s e n t a t i o n  of  t h e  p r a c t i c a l  s i t u a t i o n  i s  t o  b e  o b t a i n ed .  
s e l f - p r o p e l l e d  sys tem i f  i t  i s  de s i gned  t o  i r r i g a t e  e i t h e r  one  o r  bo th  
f i e l d s  comp le t e l y .  It w i l l  b e  assumed t h a t  t h e  tow- l ine  s p r i n k l e r  sys tem,  
on t h e  o t he r  hand,  i s  n o t  c o n s t r a i n e d  by s i z e  l i m i t a t i o n s  and may be de-
s i g n e d  t o  p r ov i d e  any l e v e l  o f  i r r i g a t i o n  which o p t im i z e s  fa rm p roduc t i on .  
The method used  t o  s o l v e  t h i s  problem i n vo l v e s  a mu l t i - s t e p  
t e c hn i qu e .  The f i r s t  s t e p  n e g l e c t s  any s i z e  l i m i t a t i o n s  on t h e  sys tems and  
d e t e rm i n e s  t h e  s e t  of  a c t i v i t i e s  which maximizes fa rm p r o f i t .  If t h e  se l f -
p r o p e l l e d  sys tem i s  s e l e c t e d  t o  i r r i g a t e  l e s s  t h a n  150  a c r e s  o f  a s p e c i f i c  
c r o p ,  o t h e r  r un s  a r e  performed on t h e  computer s e t t i n g  t h e  s e l e c t e d  a c t i v i t y  
a l t e r n a t i v e l y  a t  z e r o  and 150 a c r e s ,  and f i n a l l y  s e l e c t i n g  t h e  s e t  o f  a c t i v -
i t i e s  which maximize farm p r o f i t  s u b j e c t  t o  t h e  sy s t em  and f a rm  c o n s t r a i n t s .  
4-4-4,  L i n e a r  Programming Output  
The l a b o r  supp ly  on many farms de t e rm ine s  t h e  l i m i t  o f  i r r i g a t i o n  
development and t h e  cho i ce  o f  i r r i g a t i o n  sys tem,  On o t h e r  farms c a p i t a l  and  
water s upp l y  a r e  t h e  c o n t r o l l i n g  f a c t o r s ,  I n  t h e  g e n e r a l  f a rm  s i t u a t i o n  t h e  
f i n a l  p l a n  can b e  d e f i n e d  on ly  i f  i t  cons ide r s  a l l  o f  t h e s e  r e s ou r c e  q u a n t i t i e s  
and t h e i r  i n t e r a c t i o n s  w i t h  each o the r ,  
Two l e v e l s  o f  r e s ou r c e  a v a i l a b i l i t y  were  a r b i t r a r i l y  chosen i n  t h i s  
s t u d y  f o r  l a b o r ,  wa t e r  s upp ly ,  and p roduc t i on  c a p i t a l - .  I n  each  case  i t  w a s  
found t h a t  t h e  i n t r o d u c t i o n  o f  i r r i g a t i o n  wa t e r  i s  o f  some s e r v i c e  t o  the 
farm,  and ,  i n  g e n e r a l ,  a n  i n c r e a s e  i n  r e s ou r c e  a v a i l a b i l i t y  r e s u l t s  i n  a 
marked i n c r e a s e  i n  farm p r o f i t .  The op t ima l  farm p l a n s  f o r  t h e  va r i ou s  re-
s o u r c e  c ~m b i n a t i o n s  and the assumed p r i c e  and c o s t  l e v e l s  are shown i n  
Table  4-14, By means o f  t h i s  t a b l e  one can e a s i l y  de te rmine  which crop t o  
Optimal Farm Plans and Resource Al loca t ions  f o r  the Se lec ted  Levels of I r r i g a t i o n  Water Supply, 
Production C a p i t a l ,  and Farm Labor 
Mode1 Resource q u a n t i t i e s  avai la 'ble  F i e ld  Crop 
Crop acreage 
Ruri C a p i t a l  Labor Water No. Se lec ted  I r r i g a t e d  farming F::iing TOW-line sy s  tern 	 Se 1f-gropeQBed system$ man-hours 	 supply 
a c r e  5- day 10-day 5-day 10-dayMonthly To t a l  f t .  
1 / 2  i n .  1 . 0  i n .  112 i n .  1 . 0  i n .  112 i n  1 . 0  i n .  112 in .  1.8  in. 
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A s h o r t a g e  of c a p i t a l  and June  labor l i m i t  t h e  e x t e n t  o f  i r r i g a -  
t i o n  development i n  models 5 and 6 .  I n c r e a s i n g  t h e  c a p i t a l  l e v e l  i n  model 
7 r e s u l t s  i n  a s i g n i f i c a n t  change from t h e  p rev ious  plan. Thi s  involves a 
l a rge  increase i n  t h e  i r r i g a t e d  a c r e a g e  and a  change from t h e  tow-l ine  
s y s t em  t o  t h e  s e l f - p r o p e l l e d  s y s t e m  i n  f i e l d  1. However, due to s h o r t a g e  
i n  t h e  s e a s o n a l  water s u p p l y ,  a l a r g e  p o r t i o n  of field 2 s t i l l  remains un-
i r r i g a t e d .  I n c r e a s i n g  t h e  l e v e l  of water supp ly  i n  model 8 r e s u l t s  i n  a 
s u b s t a n t i a l  i n c r e a s e  i n  t h e  a c r e a g e  of  f i e l d  2 under  i r r i g a t i o n .  I n  t h i s  
c a s e ,  June l a b o r  becomes a l i m i t i n g  resource. 
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5 ,  SUMMARY AND CONCLUSIONS 
The b a s i c  problem cons idered  i n  t h i s  s tudy  i s  t h e  fo rmu la t i on  
and a n a l y s i s  of a mathematical  model for a mult i -crop,  mu l t i - s o i l , ,  farm 
i r r i g a t i o n  sys tem. .  Fixed r e sou rce s ,  o r  l im i t a t i o n s ,  i n  t h e  model c o n s i s t  
of l a nd ,  labor, ope ra t i ng  c a p i t a l ,  and s e a sona l  i r r i g a t i o n  wa t e r  suppfy .  
The problem i s  e s p e c i a l l y  complex because of the many v a r i a b l e s  
involved ,  and because of t h e  l a r g e  number of system combinations which a r e  
f e a s i b l e  f o r  d i f f e r e n t  r e sou rce  l e v e l s ,  A two-level op t im i z a t i on  technique  
i s  t h e r e f o r e  used t o  b reak  t h e  system down i n t o  a d i s c r e t e  number of 
manageable subsystems,  o r  u n i t s .  A t  t h e  f i r s t  l e v e l  of op t im i z a t i on  i t  i s  
assumed t h a t  t h e  crop u n i t s  do no t  compete f o r  t he  l im i t e d  r e s ou r c e s  re-
qu i r ed  f o r  crop p roduc t ion ,  and t h a t  each u n i t  may be  ana lyzed  s e p a r a t e l y  
and independent ly  of t h e  o t h e r  u n i t s .  
For each subsystem a dynamic programming model i s  used t o  determine 
an op t ima l  ope r a t i ng  po l i c y ,  t h e  maximum expected p r o f i t ,  and t h e  l a b o r  
and i r r i g a t i o n  requirements  on a p e r  a c r e  b a s i s .  A t  t h e  second l e v e l  of 
op t im i z a t i on  a l i n e a r  programming model i s  used t o  de te rmine  t h e  op t ima l  
combination of c rops  t o  be grown, t h e  nm b e r . o f  a c r e s  of l and  t o  b e  a l l o c a t ed  
t o  each c rop ,  t h e  l e v e l  of i r r i g a t i o n  development, and t h&  type  of i r r i g a t i o n  
system t h a t  y i e l d s  maximum farm p r o f i t  w i t h i n  t h e  l i m i t s  imposed by t h e  
f i x e d  r e sou rce s .  
A s imple  produc t ion  f unc t i on  i s  used i n  t h e  a n a l y s i s  which i s  
based on t h e  concept  of s t r e s s  days. he method i s  t o  some e x t e n t  conceptual  
owing t o  d a t a  d e f i c i e n c i e s  (both q u a n t i t a t i v e  and q u a l i t a t i v e )  . However, 
i t  has  been adopted t o  i l l u s t r a t e  t h e  cause and e f f e c t  r e l a t i o n s h i p s  i n  
p l a n t  growth and development, and t o  show how t h e s e  may be  i n co r po r a t e d  i n  
a mathematical  model of a farm i r r i g a t i o n  system. 
Although t h i s  s t udy  cons ide r s  many of t h e  system variables 
a f f e c t i n g  p l an t  growth i t  is recognized t h a t  i t  is s t i l l  a h i ghe r  s impl i -  
f i e d  v e r s i o n  of the phy s i c a l  system and t h a t  there i s  s t i l l  much need f o r  
f u r t h e r  re f inement .  One assumption made i s  t h a t  wa t e r  supply i s  t h e  
impor t an t  v a r i a b l e  which con t r o l s  p lant  growth and development. c l ima t i c  
i n f l u ~ ~ c e s ,  the  obvious l im i t i n g  e f f e c t  of drought .however, go f a r  beyond 
A i r  t empe ra tu r e ,  f o r  example, no t  only affects  evaporation l o s s e s  b u t  may 
a l s o  dep re s s  crop y i e l d s  i f  i t  i s  f a r  removed from the  op t ima l  v a l u e  f o r  
crop growth and development. 
Another assumption i s  t h a t  d a i l y  p o t e n t i a l  growth increments  
du r ing  t h e  i r r i g a t i o n  season  are cons t an t  and independent  of each o t h e r ,  
and t h a t  t hey  may b e  summed t o  ob t a i n  a measure of  c rop  y i e l d  a t  t h e  end 
of t h e  growing season.  D i f f e r e n t  v a r i e t i e s  of c rops ,  however, o f t e n  e x h i b i t  
marked di f ferences  i n  response t o  water s t r e s s ,  and t h e s e  d i f f e r en c e s  vary 
w i th  t h e  stage of p l a n t  development. It has a l s o  been observed i n  c e r t a i n  
i n s t a n c e s ,  t h a t  t h e  e f f e c t  of  mois ture  s t r e s s  i n c u r r e d  i n  t h e  e a r l y  s t a g e s  
of p l a n t  development may a f f e c t  growth i n  l a t e r  p e r i od s .  It would appear ,  
t h e r e f o r e ,  t h a t  some a d d i t i o n a l  e f f o r t  i s  r e qu i r e d  t o  determine t h e  e f f e c t  
of i n t e r - p e r i od  dependencies on crop growth and development, and t o  f i n d  
how the d a i l y  growth increments  should be  weighted t o  r e f l e c t  growth p o t e n t i a l  
a t  each s t a g e  of p l a n t  development. Both a d d i t i v e  and mu l t i p l i c a t i v e  
r e l a t i o n s  may b e  r equ i r ed  t o  d e f i n e  more adequa t e ly  t h e  crop system i n  t h e  
more complete  model. 
Furthermore., maximization of  expected p ro f  i t  has  been  used a s  t h e  
c r i t e r i o n  f unc t i on  i n  t h i s  a n a l y s i s ,  b u t  i t  i s  no t  always t h e  primary 
goa l  of farm management. The f a rmer ' s  problems are a l s o  i n f l uenced  t o  a 
l a r g e  e x t e n t  by v a r i a b i l i t y  i n  produc t ion  and demand, w i th  t h e  r e s u l t  t h a t  
r i s k  and u n c e r t a i n t y  p l ay  an impor tan t  r o l e  i n  t h e  f a rme r ' s  d e c i s i o n  making. 
Under normal c i rcumstances  i r r i g a t i o n  should  r e s u l t  ' i n  less v a r i a b i l i t y  
i n  crop p roduc t ion  through b e t t e r  c o n t r o l  of  t h e  environment.  Some a s se s s -  
ment of t h i s  reduced v a r i a b i l i t y  shou ld ,  t h e r e f o r e ,  b e  i nc luded  i n  t h e  model  
a n a l y s i s  t o  o b t a i n  a more complete e v a l u a t i on  of the r e t u r n s  from i r r i g a -  -
t i o n  development.  This  f a c t o r  ha s  g ene r a l l y  been ignored  i n  p a s t  i r r i g a -  
t i o n  s t u d i e s  s i n c e  i t  d i f f i c u l t  t o  exp re s s  q u a n t i t a t i v e l y ,  Add i t i on a l  
e f f o r t  i s . t h e r e f o r e  r e q u i r e d . t o  f i n d  r e a l i s t i c  and f e a s i b l e  ways o f  t r e a t i n g  
r i s k  i n  f u t u r e  models. 
Y e t  ano the r  ex t ens ion  which may b e  in t roduced  i n t o  t h e  model t o  
i n c r e a s e  i t s  u s e f u l n e s s  r e l a t e s  t o  t h e  wa te r  ba lance  r e l a t i o n s h i p s  i n  t h e  
e f f e c t i v e  r o o t  zone of t h e  p l a p t s .  Under cond i t i ons  encountered i n  I l l i n o i s  
i t  cannot  b e  assumed t h a t  a l l  t h e  p r e c i p i t a t i o n  f a l l i n g  on t h e  l and  e n t e r s  
t h e  s o i l  t o  become a v a i l a b l e  f o r  p l a n t  u se ,  o r  is r e t a i n e d  by t h e  p l a n t s  
a s  i n t e r c e p t i o n  l o s s .  On t h e  c on t r a r y ,  a l a r g e  p o r t i o n  o f < t h e  r a i n f a l l  
occurs  a s  i n t e n s i v e  s h o r t  d u r a t i on  s torms which compact and s e a l  t h e  s o i l  
caus ing  some of t h e  wate r  t o  b e  l o s t  a s  s u r f a c e  runo f f .  The a c t u a l  p rocesses  
involved  i n  t h e  s o i l  mois ture  budget u s u a l l y  depend on a number of  f a c t o r s  
which v a r y  over  space  and t i m e .  A knowledge of t h e  genera l  form of t h e s e  
r e l a t i o n s h i p s  and t h e i r  space and t ime v a r i a t i o n s  i s  t h e r e f o r e  e s s e n t i a l  i n  
a more complete r e p r e s en t a t i on  of t h e  phy s i c a l  system. 
Desp i t e  t h e  f a c t  tha t  t h e  model i n  t h i s  s t udy  does n o t  completely 
d e s c r i b e  t h e  e n t i r e  phys i ca l  system,  i t  does provide a s y s t ema t i c  procedure 
f o r  t h e  de s ign  and an a l y s i s  of i r r i g a t i o n  systems.  Under t h e  p r e s e n t  
s t a t u s  o f  impe r f ec t  knowledge on t h e  phy s i c a l  c h a r a c t e r i s t i c s  of the system, 
p a r t i c u l a r l y  i n  t h e  a r e a  of p l a n t  growth and development, and d e f i c i e n c i e s  
i n  t h e  input data ,  the  proposed model can never the less  serve as a good 
guide f o r  the r a t i o n a l  planning of i r r i g a t i o n  systems. 
-- 
--- 
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APPENDIX B e  NOTATION 
The f o l l ow i ng  symbols a r e  used  i n  t h i s  p ape r :  
aij lrnn = r e s ou r c e  i n p u t  p e r  u n i t  l e v e l  o f  a c t i v i t y  w i t h  
i = l92, I; -j = l9 2 9  e e e 3  J; 1 = l92 3  L ;e * . , ,  
rn = 1, 2 ,  ..., M; and n  = 1, 2 ,  ..., N; 
Bi = l e v e l  of  r e s o u r c e  a v a i l a b i l i t y ;  
Bk(Sk. dk9 Ek) = i n c r emen t a l  b e n e f i t  i n  d o l l a r s  f o r  t ime p e r i o d  k; 
= revenue  minus p roduc t i on  c o s t  p e r  u n i t  l e v e l  of a c t i v i t y ;
~ m n  
Ck(dk) = i r r i g a t i o n  c o s t  i n  d o l l a r s  a t  t h e  beg inn ing  of t h e  k - th  
t ime  p e r i o d ;  
dk = 	i r r i g a t i o n  a p p l i c a t i o n  i n  i n c h e s  a t  t h e  beg inn ing  of 
t h e  k- th  . t i m e  p e r i o d ;  
* 
dk = op t ima l  i r r i g a t i o n  d e c i s i o n  a t  t h e  beg inn ing  of t h e  k- th 
t i m e  p e r i o d ;  
E = d a i l y  pan e v apo r a t i o n  i n  i n c h e s ;  
E = a c t u a l  e v a p o t r a n s p i r a t i o n  i n  i n c h e s ;  
a 
Eak = a c t u a l  e v a p o t r a n s p i r a t i o n  i n  i n c h e s  f o r  t h e  k-th t i m e  
p e r i o d ;  
Ek = d a i l y  pan e v apo r a t i o n  i n  i n c h e s  f o r  t h e  k - th  t ime p e r i o d ;  
E = crop p o t e n t i a l  e v a p o t r a n s p i r a t i o n  i n  i n c h e s  ;
P 
E [pK] = 	e x p e c t e d  t o t a l  p r o f i t  i n  d o l l a r s  f o r  a K-day t i m e  
p e r i o d ;  
f (S ) = maximum e x p e c t e d  t o t a l  p r o f i t  i n  d o l l a r s  f o r  a K-dayK K 

t ime p e r i o d ;  
Fk = f i e l d  capacity in t h e  e f f e c t i v e  r o o t  zone i n  i n c h e s  a t  
t h e  b e g i n n i n g  o f  t h e  k- th  t ime p e r i o d ;  
H = man-hours of l a b o r  p e r  i r r i g a t i o n  p e r  a c r e ;  
I = number of r e s o u r c e s ;  
I (S ) = t o t a l  expec ted  i r r i g a t i o n  a p p l i c a t i o n  p e r  a c r e  f o r  ak k 

g i v e n  i n i t i a l  s t a t e  S and t i m e  p e r i o d  of  k d a y s ;k 

I (S ) = t o t a l  expec ted  i r r i g a t i o n  a p p l i c a t i o n  p e r  a c r e  f o r  a  
kf kf 

g i v e n  i n i t i a l  s t a t e  S,-, and t i m e  p e r i o d  of one month; 
K L  

Ikf = t o t a l  e x p e c t e d  monthly i r r i g a t i o n  q u a n t i t y  p e r  a c r e  f o r  
a t i m e  p e r i o d  o f  one month, i r r e s p e c t i v e  of  s t a t e ;  
I,P(IS,KS) = o p t i m a l  i r r i g a t i o n  p o l i c y ;  
I S  = s t a t e  of  s o i l  m o i s t u r e  i n  t h e  e f f e c t i v e  r o o t  zone;  
J = number of f i e l d s ;  
k = t ime  index ;  
k f  = f i r s t  day of a month du r i ng  t h e  i r r i g a t i o n  pe r i od ;  
K = t o t a l  number of  days  i n  t h e  i r r i g a t i o n  p e r i o d ;  
KS = d e c i s i o n  s t a g e ;  
K = crop c o e f f i c i e n t  which r e l a t e s  pan e v apo r a t i o n  t o  c rop
C 
p o t e n t i a l  e v a p o t r a n s p i r a t i o n ;  
Ke = c o e f f i c i e n t  which conve r t s  b i o l o g i c a l  y i e l d  t o  economic 
y i e l d ;  
L = number of i r r i g a t i o n  i n t e n s i t i e s ;  
Lk(Sk) = t o t a l  expec ted  i r r i g a t i o n  l a b o r  p e r  a c r e  f o r  a g iven  
i n i t i a l  s t a t e  S and t i m e  p e r i o d  of k days ;k 
L (S ) = t o t a l  expec ted  i r r i g a t i o n  l a b o r  p e r  a c r e  f o r  a g ivenk f  kf  
i n i t i a l  s t a t e  S and t i m e  p e r i o d  of one  month; k f '  
Lkf = t o t a l  expec ted  monthly i r r i g a t i o n  l a b o r  p e r  a c r e  f o r  
a t i m e  p e r i o d  of one month, i r r e s p e c t i v e  o f  s t a t e ;  
M = number of i r r i g a t i o n  sys tems;  
N = number of  c rops ;  
n = number of days i n  an  i r r i g a t i o n  cyc l e ;  
C 
= t o t a l  p r o f i t  f o r  t i m e  p e r i o d  K i n  d o l l a r s ;  K 

P = marke t  v a l u e  p e r  u n i t  q u a n t i t y  of c r o p ;  
l? (E ) = m a r g i n a l  p r o b a b i l i t y  of e v a p o r a t i o n  E = k k k 3  
P (E fl ) = j o i n t  p r o b a b i l i t y  of e v a p o r a t i o n  E and r a i n f a l l  k k R k  k Rk; 
Pk(sknEknRknSk-l) = j o i n t  p r o b a b i l i t y  of Sk y  El<> Rk' and Sk-1; 
% = r a i n f a l l  d u r i n g  k - t h  t i m e  p e r i o d  i n  i n c h e s ;  
rk(Sks dys Ek) = r e t u r n  i n  d o l l a r s  f o r  t h e  k- th  t i m e  p e r i o d ;  
Sk = s t a t e  of t h e  s o i l  r e s e r v o i r  i n  i n c h e s  a t  t h e  start  
of t i m e  p e r i o d  k ;  
ASk = t h e  a v a i l a b l e  m o i s t u r e  i n  i n c h e s  added t o  s o i l  r e s e r v o i r  
by e x t e n s i o n  of t h e  c rop  r o o t  zone d u r i n g  t i m e  p e r i o d  k. 
Awk = i n c r e m e n t a l  i n c r e a s e  i n  d ry  matter accumula t ion ;  
= a c t i v i t y  l e v e l s ;  
~ m n  

= b i o l o g i c a l  y i e l d ;  

*b 
Ye = economic y i e l d ;  
Ayel = h a r v e s t a b l e  p o r t i o n  of t h e  p l a n t  growth inc rement  i n  
p e r i o d  1, i n  b u s h e l s  p e r  a c r e ;  
a = dimens ion less  c o e f f i c i e n t  which r e l a t e s  c rop  p o t e n t i a l  
e v a p o t r a n s p i r a t i o n  t o  a c t u a l  e v a p o t r a n s p i r a t i o n ;  
Bk = 	v o l u m e t r i c  s o i l  m o i s t u r e  c o n t e n t  a t  t h e  beg inn ing  of  
t h e  k-th t ime  p e r i o d ;  
BTL 	= t u r g o r  l o s s  p o i n t ;  
p = 	dimens ion less  c o e f f i c i e n t  which c o n v e r t s  t o t a l  r a i n f a l l  
t o  e f f e c t i v e  r a i n f a l l ;  
& 
@(dk) = a s t e p  f u n c t i o n ;  . 
+ ( B k  	 - €ITL) = a s t e p  f u n c t i o n ;  
TT (S ) = , v e c t o r  of s t a t e  p r o b a b i l i t i e s  a t  the s ta r t  of t imek k 

p e r i o d  k. 
Ilkf (Skf) = v e c t o r  of  s t a te  p r o b a b i l i t i e s  a t  t h e  s ta r t  o f  month k f .  
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D I M E N S I O N  F C ~ ~ ( ~ ~ ~ ~ ~ ~ ) ~ C O E F M ( ~ ~ B ~ ~ ~ ~ ~ R E T M ( ~ ~ ~ O B ~ ~ ~ ) Y T H E T A M ~ ~ ~ Z ~ ~ ~ ~  

~ D E L S M ( ~ ~ ~ ~ T ~ ) ~ K M A X M ( ~ I I T T M I R R { ~ ~ ~ ~ )  

DIMENSION T P K W I  ( 3 2 ) y T P R N I  (41 y D E L G M ( 9 b ~ 2 y 21 

D I M E N S I O N  E T I K R ( 3 2 ) r l J C P A P T (  2 9 2 7 2 )  9i€HIL~32)1EFFICY~292921 

C O M M O N  %RRIGP~CYCLEeCLABORpHLABPI~DECfSyPRECEpEFFIC~TOL 

COMMCIN I C ~ I A ~ I S ~ ~ K ~ I S Y S ~ N N ~ F T ~ T ~ F N I T O T , T O T I R R ~ E M I L A B ( ~ ~  

C O M M O N  ~ e ( 9 P ) 
r D E L G ( 9 1 )  ~ D E b S ( 9 P . ~ ~ T H f T A L ~ 4 ) p R H O ~ 3 ) ~ R ~ 3 ~  

C O M M O N  P R O B E ( ~ ~ ~ ~ ) ~ R E T ( ~ ~ ~ ~ ~ ~ P R O F ~ J ( ~ ' B ~ ~ I ~ I  

COMMON P T E H N O ( I I ) ~ P R O R I S ( f O ) p S M L A B ( I O ~ 3 I ~ P T E I ( P ~ ) y P F ~ I I )  

C O M M O N  P F N E ( ~ ~ ) ~ P T E I ~ Y P F P ~ P F N I ~ ~ S S ~ N ~ K ~ S E L A B ~ P T E I N ~ ~ U C  

COMMON N M ~ K S ~ N W ~ K W ~ E M I A ( ~ ) ~ E M I R W ~ ~ O ~ ~ ) B I P ~ I O ~ ~ ~ )  

COIklMON C P E T r  $ L O S S 9  R E V T K y  1 9 K M A X ,  E V A P  ( 2  1 o C O E F ( 9 1  

R E A D ( ~ ~ ~ ) ( P R O R I S ( I ) ~ I = ~ B P O )  

6 F Q R M A T  ( 1 0 F 5 0 2 )  
R E A D ( 5 y l O ) ( D ( I A ) r I A = l r 2 )  

10 	F C I R M A T ( 2 F l O e 2  

R E A D . ( 5 y l O ) ( P ( I K )  r I K = l r 2 )  

R E A D ( 5 9 l . 2 )  ( I C Y C ( l C ' ) y  I C = l r 2 )  

1 2  	F O K M A T ( 2 I 5 )  

R f A D ( 5 , 1 2 ) ( K M A X M ( I K ) v I K = l ' p 2 )  

00 33  I S Y S = l a 2  

nu 3 4  1 c = i ~ 2  

00 	3 5  IA=f  7 2  
R E A D ( 5 9 2 8  I U C P A P I  ( I A B  I C v  I S Y S )  

R E A D ( S a 2 8 8 E F F I C Y (  I A p I C y 1 S Y S l  

28  	 F O R M A T ( F 1 0 e 2 ?  

DO 20 I S = l ? 2  

DO 30 I K = k t 2  

R E A D ( S T 2 8 ) C . l N H L P I  ( I K 9 9 S y I A y I C y 9 S Y S )  

30  C O N T I N C l E  

2 0  C O N B I N l f f  

35  C O N T I N C J E  

3 4  C O N T I N U E  

3 3  C O N T I N U E  

DO 2 1  I S = l e 2  

DO 2 2 I K = 1 3 2  

K M A X = K M A X M (  I K  1 

R E A D ( 5 9 3 1 )  ( C O E F M ( K 7  I K t I S ) ' p K = l y K M A X )  

R E A D ( 5 p 3 1 ) ( F C M ( K e I K t I S I ~ K = 1 p K I v l A X )  

R E A 0 ( 5 1 3 B )  ( D E L G M ( K ~ T K T ~ [ S ) ~ K = ~ B K M A X ~  

R E A D ( 5 p 3 1 ) ( D E L S M ( K p I K ~ t ~ ~ ~ t ~ = 1 ~ ~ ~ ~ > i : ~  

3 1  	F O R M A T  ( B O F 5 e 2  
R E A D ( ~ ~ ~ ~ ) ( T H E T A M ( C L T I K I I S ~ T L L = ~ ~ ~ )  

41 F U R M A T ( 4 F B O e 2 )  

READ(^^^^')( ( R E T M ( t b y 1 z I K ~ H S ) 
p I = 1 p 1 O ) p L L = l ~ 4 )  

23 F Q R M A T g % O F 5 e 2 )  

2 2  	C O N T I N U E  
2 1  	C O N T I N U E  

DO 2 4  N W = k p l 3  

R E A D ( 5 r 1 0 )  ( P R O R E ( L T N W ) T L = ~ ~ ~ )  

R E A D ( S ~ I . O ) (( P W O B J ( L p M p F \ l W )  p L = L 2 ) ? M = l y 3 )  

2 4  	C O N T I . N U E  

K E A D ( 5 9 5 2 I ( R H Q ( M 1 r M = l p 3 )  
 86 

R E A , D ( 5 r 5 2 ) ( R ( M )  ~ M = 1 9 3 )  
W E A D ( 5 9 1 O ) ( E V A P ( L ) y L = l p Z )  

5 2  	F O R M A T ( 3 F 1 0 , O )  

R E A D (  5 ~ f O ) V O L p C L A B O R  

NN=O 

l R R l [ G = %  
DO 68 I S Y S = E v 2  

DO 60 % C = 1 9 2  

% C Y C L E = P C Y C  ( % C  1 

D O  70 % A = 1 9 2  

E F F Z C = E F F I C Y (  B A ~ H C y  HSYSB 

U C = U C P Q P I ( I A 9 P C P I S Y S )  

D E C I S = D ( % A )  

DO 90 I K z I . 7 2  

DO 8 0  H S = 1 1 2  

H ~ A B P I = U N H L P I ~ I K P I S ~ I A ~ ~ C ~ I S Y S B  

P M P C E = P (  IK 1 

KMQX=KMAXM ( I K  ) 

DO 100 K = b y K M A X  

C O E F ( # ) = C O E F M ( K y I # y f S P  

F C ( K  ) = F C M ( K 9 I # y . I S )  

D f L G ( # ) = D E L G M ( K 7 H K y I S )  

D E L S  ( K  ) = D E L S M ( K . r I K y  I S )  

100 	C O N T I N U E  

0 0  1 2 8  L L = l e 4  

T H E T A L  ( L L ) = T H E T A M ( L L  K p  I S )  

DO 140 I = 1 7 % 0  

R E T ( L L y 1  ) = W E T M ( t L y I  p H K y I S 1  

140  	C O N T I N U E  
1 2 0  	C O N T I N U E  

N N = N N + 1  

C A L L  D P R O G I  

' DO 1 3 3  N M = l r 3  

T T M I W R ( N M ~ N N ) = E M I A ( N M )  

A M 1  L A B  ( NMPNN ) = E M 1  L A B W  1 

133 	C O N T I N \ J E  
T P K W % ( N N ) = F T Q T  
E T I R R ( N N ) = T O T I W R  . 
T E H I L ( N N ) = S E L A B  
I F ( I W R I G , E Q , 1 ) T P R N I ( N N ) = F N I T O T  

8 0  C O N T I N U E  

90 C O N T I N U E  

I R R % G = 2  

7 0  C O N T I N U E  

4 0  C O N T I N U E  

6 8  C O N T I N U E  

W W I T E ( 4 e l . 7 0 )  
1 7 0  F O R M A T ( 1 H E 9 4 X ~ R k / l A X I M U M , . E X P E C B E D  PER NO I W W I G A B I O N VP R O F I T  A C R E  
W R I T E ( 6 v 1 8 0 )  [ I p I = l s 4 )  
1 8 0  F O R M A T ( 1 H 0 9 4 X y 4 1 "  A C T e a 712 )  1 
W W I T E ( 4 9 1 9 0 )  ( T P R N I ( N N 1  eNf \J=1. t4)  
1 9 0  F O R M A T ( 1 H O p 4 X e 4 F 1 0 . 2 )  
IW R I T E ( 6 p 2 1 2  1 
2 1 2  F O R M A T  ( 1 H 1 , 4 X 7  ' M A X I M U M  E X P E C T E D  PROFIT P E R  * A C R E  W I T H  I R R I ' G R T I O N f  1 
W R I T E ( 6 7 2 2 0 )  ( I p I = 1 9 8 )  
2 2 0  F O R M A T ( 1 H O y 4 X p 8 ( '  A C T e V t I 2 )1 
87 
W R I T E ( ~ ~ ~ ~ ~ ) ( T P R W I ( N N ) ~ N N = ~ O ~ ~  

250 F O W M A T ( ~ H O ~ ~ X F ~ F ~ O , ~ )  

WRITE (67260) H y  Hz99 4g) 

260 FORMAT ( 1HOe4X p8( ' ACTe'oI2) 1 

W R % T f ( 6 ~ 2 7 O ) ( T P R W I ( N N l ~ N N = 9 ~ 1 6 ~  

2 7 0  	FOWMAT(PHOe4Xy8F10,Z) 

WRITE ( 6 ~ 2 4 0 ) 
( I p H = B 7 p 2 4 )  

W R I T E ~ 4 ~ 2 7 0 1 
(BPWWI ( N N )  pNN=17p241 

WRPTE(69260) (H91=25832) 

WRITE(6p2789 BTPRWI ( N N P  p[\IN=259321 

WRITE(69213 1 

2 1 3  	FORMBT(1Hlp4XyBTOTAL EXPECTED SEASONAL IRRIGATION LABORB) 
WRITE(612211QIyI=lr8) 
221 F O R M A T ( l H 0 ~ 4 X y 8 ( B  ACTe8p12f l 
WR1TE14~250)(TEHIL(NN~tPdN=lp8) 
WRITE(6t260) ( Z ~ I = 9 ? 1 6 )  
WRITf(6e270)(TEWHL(NN)yNN=9Blg) 
WRITE(492hO)(IpI=17,24) 

W R I T E ( 6 r 2 7 O l ( T E H I L ( N N f 9 N r \ l = E 7 9 2 4 )  
WWITE(6e260) 4 IyI=25932) 

W R I T ~ ( ~ V ~ ? O ) ( T E H I L ~ N N ~ ~ N N = ~ ~ ~ ~ ~ I  

WRITE(6y282) 
282 FORMAT(1Hlp4X9 'EXPECTED MONTHLY IRRIGATION L A B O R  PER ACRE') 
WRITE4672801 ( I y 1 = 1 y 8 >  
W R I T E ~ ~ ~ ~ ~ ~ ) ~ N M ~ ~ A M I L A B ~ N M ~ N N ~ P O V R I ~ B . ~ ~ ~ ~ N M = ~ ~ ~ ~  
WRITE(6y240) (PtP=9pp6) 

W R I T E  (672731( N M ~ ( A ~ Y H L A B ( N M T N N ) ~ ~ ~ J N = ~ ~ ~ ~ ) ~ ~ \ ~ ~ V ~ = ~ ~ ~ )  

WR%TE(6r260) (IyI=1724) 

W R f T E ( b p 2 7 3 l ( N M 7 ( A M H L A B ~ N f U l y N N ~ p N N = E 7 ? 2 4 ) q N M = l ~ 3 1  
WRITE(4r26O)(It%=25932) 

W B H T E ( 6 ? 2 7 3 )  I N M B ( A M I L . b i B ~ N M 7 h ! h l ) ~ h 1 b l = 2 5 t 3 2 ) y ~ ! M = ~ T ~ )  
WRIVE(hq2761 
276 FORMAT(~HL~~XI'EXPECTED TOTAL SEASONAL I R R I G A T I O N  PER A C R E ' )  
WRITE(hr280) ( I y Z = 1 ~ 8 )  
280 FORMAT(PH094Xy8(" ACTe ' 9 1 2 ) 1 
WRITE (47270) (ETIRR(f\JN) tNN=198)  
WRITE(6r260)(191=9~8g) 

W R I T f ( 6 ~ 2 7 O ) I E T I K R ( N N ~ t N N = 9 ~ 1 g 3  

WBITE(6~260)(I~I=17924) 

WRITE ($9270) (ETIRR(hIhI 19NN=l7 a) 

WRIBE(67260)(IvI=25932) 

WRITE(6r2709 (ETIRR(NNf P N N = 2 5 a )  

WRITE(692831 

2 8 3  	FORMAT(IHEy4XpVEXPECTfD MONTHLY IRRIGATION PER A C R E ' )  
WRITE(6p2801 ( I 7  1 ~ 1 7 8 )  
W R I T E ~ ~ ~ ~ ~ ~ ~ ( N M ~ ( T T P / I I R R ~ N M B N N ~ ~ N I \ ) = ~ ~ ~ ) ~ N M = ~ ~ ~ )  
WRITf(6~260~(19I=9~16) 

WRETE!6r273) (NMP(?TMIWRINMThJr\!?9h!N=97161P N M = l y 3 )  

WR1TE(6~260)(TrI=l7124) 

w R I T E ( ~ ~ ~ ? ~ ) ( N M ~ ( T T M I R R I N M ~ N N ~ ~ N N = P ~ ~ ~ ~ ) ~ N M = ~ ~ ~ )  

WRITE(692601(11I=25932) 

W R I B E ~ 6 y 2 7 3 ~ ( N M ~ ( T T M I R R ~ N M ~ N N ) s N N - 2 5 p 3 2 ) 9 N M = ~ ~ 3 )  

273 F O R M A T ! 1 H @ 9 1 2 ~ 2 X ? 8 F I O e 2 1  
S T O P  
END 
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O w 2 Z O O G 8 O O O O  p - - l L 6 \ 0  t- I I  Q 4  il 11 @U ? 01 11 X I C C O L UO c f ~  ~ O L W ~ I L - ~ O O O ~ Z ~  
d J ~ L ! J L h l F ! E % E ~ Z E Z F - + P - P - I ~ ~ N ~ ~ W U - L I L ~ - - + C ~  j - l % M C d k - t - k - J  k - 1 3( ~ I C I . P ~ ~ A + ~ - + P ~ ~ - ~ B Z JII 
~ Q Z Z ~ E ~ 11 E 1 1  1 1  11 ~ E ~ ~ ~ L L . I J ~ P ; P ~ ~ ~ . JUIJ-JF- +I--11 Z I I Q + U . L L U W ~ - - ~ O P - - o a w  
~ ~ - t - . p o o ~ a o a o ( ~ ~1 1  I I  8 1I I ~ x ~ w E ~ ~ ~ x - - Q [ ~ - - O C L Q L L ~ U J O L I J U Jm o c , s : = , w u , o ~ ~ ~ b w a u . ~ h l u o  
~ ~ O Q O ~ ~ U ~ ) ~ C ~ C ) - ~ ~ Z Y ~ ~ ~ L C C ~ U . U V ) ~ - - C ~ ~ O ~ O C Y : ~ I I ~ U ~ ~ ~ " - - ~ ~ ~ - - ~ ~ ~ . ~ _ ~ ~ , ~ W ~ F - . ~ ~ ~ ~ ~ ~ Q  
0 
0 
z 

4 
b=-4 
E 
c 

rl-l 
J=J+IC\fCLE 

805 IF(K,NEeKM)GO TO 2 5 2  

807 DO 741 I=1910 

SMLAB ( I yNMI=TYEINO( I ):icHIIABPP 

EMIRR(lpNM)=TTEI(I) 

741 CONTINUE 

T F ( M a E Q a K M A X 1  GO TO 900 

NM=NMal 

K M = K M + 3 0  

D O  888 I = 1 9 1 1  

PTEINOII)=O,O 

PTEI ( 1)=O,O 

888 CONTINUE 

252 CONTINUE 

900 K N = K S  

CALL DQROG2 

WRITE(6v310 I N N  

310 FORMAT11WEp4XpsOPTIMBL PQLICYeeeACTIVITY'r13) 

WWITE(6s320)ISYSvICYCLEyDECISyISt I K .  
320 FORMAT(9HO S Y S T E M = y 1 2 9 4 X I Q G Y C L E = B 1 9 1 2 ~ 4 X ~ ' M A X M eA P P L % C ~ = ' ~ F ~ ~ ~ Y ~ X ~  
l s S O I L = " ~ 2 e 4 X y " C R O P = D 9 1 2 ~  
IF( ICYCLE,EOe5) GO TO 333 

WRITE(6y326) (IsI=l?KN) 

324 FORMAT(lH094X~lOP8) 

WRITE(69332) ( I s  (IP(IpKSlyKSz1BKNl P I = I ~ ~ O I  

332 F ~ R M A T ( ~ H O P I ~ , ~ X ~ ~ O I ~ )  

GO TO 344 

333 WR%TE(6y336b(IyI=lrKNB 

336 FOKMBTQlH074Xy 1914) 

W R I T E ( 4 7 3 4 3 ) ( I y ( I P ( I y K S ) y K S = 1 ~ K N ~ t I = B ~ 1 0 1  

343 FORMAT(lH0~1292Xv19I4-l 

344 IF(IRRIG,EOe2) GO TO 1334 

FNITOT=OeO 

80  1337 I=lrlO 

FNZTOT=F~JITOT+PRORIS(
I )>;:Fl\dI I. 1 
1337 CONTINUE 
I 3 3 4  FTOT=OeO 
nn a333 ~ = l , i o  

FTOT=FTOT+PRORIS( I ):i:F( I 1  

1333 CONTINUE 

RETURN 

END 

SUBROUTINE D P R O G 2  

IMPLICIT REAL+8IA-HpO-Z i 

DIMENSION P R O B S ~ 1 0 ) p P P ( 1 1 y 1 0 y 2 ~ 3 ~ e P R ~ S ~ ~ l l ~ ~ P R ~ ~ f 4 ~ ~ ~ ~ 3 ~  

COMMON I R K I G y I C Y C L E y C L A B O R ~ H t P P B P I y D E C I S ~ P R H C E ~ E F F I C y T O L  

COMMON I C y I A t I S 9 1 K ~ I S Y S 7 N N p F T O T y F ~ 1 T O T ~ T O T I R R ~ ~ ~ I ~ A B ( 3 )  

COMMON F C ( 9 1 ) 3 ~ ~ ~ G ( 9 1 ) y D E L S ( 9 1 ) e T H E T A ~ ( 4 ) y M ~ ~ ( 3 ) 7 ~ ( 3 1  

COMMON ~ ~ ~ ~ ~ ( 2 9 1 3 ) p K E T ( 4 r 1 0 ) ' p P R O R ~ ( 2 y 3 ~ l 3 )  

COMMON P T E I N O ( ~ ~ ) ~ P R O H I S ( ~ O ~ ~ S M L ~ B ( ] I O ~ ~ ) ~ P T E I ( ~ ~ ~ ~ P F ( ~ ~ )  

COMMON P F N I ~ 1 1 ) t P T E I 1 p P F 1 ~ P F N I 1 r S S r I V t K ~ S E L A B ~ P T E I N 1 ~ l ~ C  

COMMON N M B K S 7 N i * I y K W ~ ~ M I A ( 3 ) y E M I R R ( 1 0 9 3 ) 9 1 P ( 1 0 p 1 9 )  

COMMON C P E T ~ T L O S S ~ R E V T R ~ I ~ K M A X ~ E V A P { ~ ~ 
~ C O E F I P )  

J = K M A X  

K = K M A X  

K M = K M A X - - 3 0  

KI.d=KMAX--7 

DO 401 H = 1 9 1 0  

PWOBSIH)=PROBISBH) 

P R O B M ( I T N M ) = P W O B % S (I) 

401  C O N T I N U E  
490 DO 492 I I = l r P B  

DO 499 I = b e L O  

no 475 L - 1 9 2  

DO 480 M =I13 

PP(I%rIpLrMI=OwO 

480 CONT I NtJE 

475 C O N T I NU€ 

4 9 9  CONT I NI!E 

492 CONTH NUE 

00 4 2 5  H=EyPO 
FH=I 
F R 4 C T = F I / 1 O w 0  

S=FRACTXCFC( K  1 

I F ( K a N E a J ) G O  T O  402 

IF(IP(1,KS)eNEeI)GO TO 402 

DIFFER=FC(K)-S 

H F ( D 4 F F E R ~ G T e D H C I S ) G OTO 479 

ACTD=OIFFER 

G O  TO 4 0 5  

4 7 1  ACTD=DECIS 
GO T O  405 

4 0 2  ACTD=O,O 

405 THETA=(S+ACTD)/FC(K) 

DO 420 b = 1 9 2  

C P E T = C O E F  ( K  W E V A P  (L 1 

CALL I N T P T L  

HF(THETAaGEeTLOSS) GO 6 0  407 

CALL INTWET 

AET=CPET*REVTR 

GO TO 409 

407 AET=GPET 

409 DO 419  M = 1 7 3  
SS=S+DELS ( K  ) + R W O I M ) : ~ R f I v i ) + A C T D - A E T  
% F ( S Si4bOa410 9411 
410 115=11 
GO T O  4 1 5  
4-11 IF(SS,GE,FC(K-1))GO TO 412 
SSS=10,O~~~SSIFC:K-E);P,O 
ISSS=SSS 

SSb=ISSS 

SS2=SSS-SS1 

IF  {SSZeGE,0*5 ) G O  TO 416 

I T=ISSS 

GO T O  415 

416 II=ISSS+1 

GO TO 415 
4 1 2  II=bl 
415 P P ( I I ~ I ~ t r M ) = P R O B J ( L ) p M ~ F \ d W ) * P R O B S ~ I ~  
419 CONTINUE 
4 2 0  CONTINUE 
425  C O N T I  N l f f  
S P R O = O  ,O 
DO 432 
PRO=O so 
DO 4 7 2  
DO 4 3 3  
DO 4 3 5  
H I = 2 9 1 0  
I = 1 7 1 0  
L = l p 2  
M = l r 3  
PWO=PRO+PP( I 4  9 1 y L y M )  

4 3 5  CONTINUE 

433  CONTINUE 

4 7 2  C O N T I N U E  

P R O S T ( I I ) = P R O  

SPRQ=SPRO+PROST ( I I1 

4 3 2  	CONTINUE 

P R O S T ( 1 1 ) = 1 e O - S P R O  

TF (K+aNEmJ)GO TO 4 2 8  

KS=KS-1 
J=4 -SCYCLE 
4-28 	 a F ( K o N E e K W )  G O  TO 482  

NW=NW-1 

KW=KkJ-7 

4 8 2  	 I F ( K e N E e K M ) G O  T O  440 
NM=NM-1 
KM=KM-30 
DO 442 I = l r l O  
P R O B M ( I p N M ) = P R O B S ( P )  
4 4 2  C O N T I N U E  
' H F ( N I \ / I , N E e l ) G O  T O  440 
DO 4 5 0  MM=Pr3  
PWOIRR=O,O 

PROLAB=OeO 

DO 445 I = l r l O  

P W O I R R = P R O I R R + P R O B M ~ I ~ h l M ~ ~ ~ ~ f M I W R ~ I t N M ~  

PWOLAB=PROLAB+PROBM ( IvNP?)'::SMLAB Iy N M  1 
445  	C O N T I N 1 J E  
EMIA(NM)=PROERW 
E M I L A B  (NM)=PROLAB 
450 CONT I N O E  
GO TO 4 6 0  
440 	DO 4 5 5  1 = l ~ E 0  
I IC=1+1 
P R O B S ( I ) = P R O S T ~ % I )  
4 5 5  	C O N T I N U E  
K = K - l  
GO TO 490 
4 6 0  	SELAB=OoO 
TOTHRR=O,O 
DO 4 8 9  NM=!p3 
T o T I R R = T o T I R R + E M I A  ( h I M 1  
S E L A B = S E L A B + E M I L A B  INMf 
489  	C O N T I N U E  
RETURN 
END 
S U B R O U T I N E  I N T E R P  

I M P L I C I T  R E A L * 8 ( A - # y O - Z )  

COMMON I R R I G ~ l C Y C L E p C ~ A B O R ~ H k A B P I ~ D E C I S ~ P W I C E ~ E F F I C ~ T O L  

C O M M O N  I C 8 I A y $ S e I K 9 I S Y S ~ N N p F T O T ~ F f \ i I T O T ~ T 0 ~ H R R p E M I L A B ~ 3 I  

COMMON F C Q ~ B ~ ~ D E L G ~ ~ ~ ) ~ D E L S ~ ~ ~ ~ ~ T H E T A L ~ ~ ~ ~ R W O ~ ~ ~ ~ R ~ ~ ~  

C O M M O N  P R Q B E ( ~ ~ P ~ ) ~ R E T ( ~ ~ ~ O ) ~ P R O B J ~ ~ ~ ~ P ~ ~ ~  

COMMON P T E I N O ( ~ ~ ) ~ P R O B I S ( ~ O ~ ~ S M L A B ~ ~ O ~ ~ ~ ~ P T E I ~ ~ ~ ~ ~ P F ~ I I ~  

C O M M O N  P F N l ( % k ) y P T E I % p P F k ~ P F N H $ . ~ S S p N y K y S E L A B ~ P T E I M l 9 t ~ C  

COMMON N M P # S ~ N W ~ X W e f M % A ( 3 1 ~ E l d H R W ~ ] I O p 3 ~ 9 1 P ~ 1 0 p ~ 9 ~  

C O M M O N  C P f T ~ T L O S S ~ W E V T W ~ I ~ K M A X ~ E V A P ~ 2 ~ p C O E F ~ 9 1 ~  

I F ( S S ) 9 1 0 y 9 E O y 9 2 0  

9 1 0  	P T E % 1 = O a O  
PF l=O,O 
PFNI%=O,O 

P T E I N I = O a O  
GO -60 970 
9 2 0  I F ( S S-F L ( K-P))950r 9 6 0 ~ 9 6 0  
9 5 0  THETA=lO,O*SS/FC(K-l)+EeO 
I H=THETA 

P I = I  I 

A L P H A = T H E T A - Z %  

P T E I N B = P T E I N O (  114-1 ) ' ~ : A L P H A + P T E I N O ~11 41eO-ALPHA) 

P T E I 1 - P T E I  ( 114-1): i :ALPHA+PTEI I I BeO-ALPHA 1 

PF1=PF ( I I +k ) * A L P H A + P F  ( I I ( ]I SO-ALPHA)  

I F ( Q I R R I G ~ f O ~ P ) ~ A N D e ~ N ~ E O o 1 b f P F N I ] a = P F N I ~ I I + I ~ ~ c A L P H A + P F N I ~ I I I ~ ~  

1( 1,O-ALPHA)  
G O  -80 9 7 0  
9 4 0  	P T E I P = P T E I ( 1 1 )  
P F 1 = P F I 1 1 )  
P F N I B = P F N %I P S  B 
P T E I N l = P T E I N O ( 1 1 )  
9 7 0  	RETURN 
E N D  
S U B R O U T I N E  H N T P T L  

1 M P t I C I T  R E A L : g 8 (  A-HyO-Z 1 

COMMON I R R I G T f C Y C ? f 7 C L A B O R y H L A B P I t D E C I S " p P R E C E ~ f F F I C ~ T O L  

COMMON I C p I A P I S P P K p T S Y S ~ N N p F T O T ~ F N I T C ) T ~ T O T E R R ~ E M I L A B ~ 3 ~  

C O M M O N  ~ C ( 9 1 
) ~ D E L G ~ ~ ~ ) ~ D E L S ~ ~ ~ ) ~ T H E T A L ( ~ ~ ~ R W O ~ ~ ~ ~ R ~ ~ ~  

C O M M O N  P R O B E ( 2 ~ P 3 ) ~ R E T ( 4 ~ k O ) t P R O B J ( 2 ~ 3 ~ 1 3 ~  

COMMON P T E ~ N O ~ ~ ~ > ~ P R U B I S ( ~ O ~ ~ S M L A B ( % O ~ ~ ) ~ P ~ % E I ~ E ~ ) ~ P F ~ ~ ~ >  

COMMON P F N P ~ l E ~ ~ P T E P 1 ~ P F I ~ P F N I 1 y S S y N ~ K y S E L A B ~ P T E I N ~ ~ U C  

C O M M O N  N M p K S P N W P K W y E M I A ( 3 ) ~ E M I R R ~ B O y 3 1 ~ I P ~ 1 0 y 1 9 1  

COMMON C P E T ~ T L O S S I R E V T R ~ I ~ K M A X P E V A P ( ~ ) ~ C O E F ( ~ ~ )  

I F ( C P E T , G T e O , l )  GO TO 9 7 1  

T L O S S = T H E T A t  ( 1 )  

GO TO 972 

9 7 1  	I F ( C P E T , L T , 0 , 4 )  GO TO 973  
T L o S S = T H E T A L ( ~ )  
Z I = L L  

ALPHAzTL-Z I 

L L P = L L + P  

T L O S S = T H E T A b  ( L t P  ) ; ~ A L P H A + T W E T A L (  L h ) * (  1 0 0 - A L P H A )  

R E T t J R N  

END 

SURROUTINE I N T R E T  

I M P L I C I T  R E A L + 8  (A-Hy O-Z) 

COMMON H R R I G e I C Y C L E B C ~ A B O R p H L A B P I t D E C I S ~ P R I C E ~ E F F I C ~ T ~ ~  

C O M M O N  I C y I A p I . S y I K p I S Y S P N N 9 F T 0 T y F N I T O T y T 1 3 T I W R 9 E M I L A B ( ~ )  

C O M M O N  F C ( ~ ~ ) ~ D E L G ~ ~ ~ ) ~ D E L S ( ~ ~ ) ~ T H E T A L ( ~ ) T R H O ( ~ ) Y R ( ~ )  

COMMON P R O B E ( ~ ~ ~ ~ ) ~ R E T ( ~ ~ L O ~ ~ P R O R J ~ Z ~ ~ ~ ~ ~ ~  

C O M M O N  P T E I N O ( ~ ~ ) ~ P ~ O B I S ~ ~ ~ ) ~ S M L A B ( ~ O F P ~ ~ I P T E I ~ ~ ~ ~ ~ P F ~ ~ ~ )  

CCIMMON P F N I  (11)p ~ ~ ~ ~ 1 9 P F l ~ P F F \ 1 1 1 ~ S S t N t K ~ S E L A B r P T E I N 1 p C 3 C  

C O M M O N  N M P K S T N W T K W 7 € ~ ~ ~ ( 3 ) y ~ ~ I R W ~ 1 O ~ 3 ) ~ I P ( I 0 t 1 9 )  

COMPIION C P E P y T L O S S r R E V T R y  I ?  K N A X T E V A P( 2  T C O E F ( ~ ~ 
B ) 
I F (CPEV,GT,O, l )  GO T O  9 8 1  
R E V T K = R E T ( 1 9 1 )  
GO TO 9 8 2  
I F ( C P E T , L T , 0 , 4 )  G O  T O  9 8 3  
K E V T R = R E T ( 4 y I  
GO TO 9 8 2  
R E V = 1 0  ,O:::CPET 
L L = R E V  
Z H = L L  
A L P H A = K E V - Z  I 
L L P = L L + 1  
R E V B R = R E T  ~ L L P ~I ) ' i c A ~ P ~ A + R E T ( L L rII;::( E - a O q A L P t - f A )  
U €TURN 
END 
